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Social  Effects  of 

Modern  Highway  Transportation 


BY  THE  HIGHWAY  AND  LAND  ADMINISTRATION  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  <  by  FLOYD  I.  THIEL,  Economist, 
Economic  Impact  Research  Branch 


Introduction 

THE     WIDESPREAD    social    effects     of 
highway    transportation    are    everywhere 

,  apparent.  In  the  United  States  there  now 
are  more  automobiles  than  households,  and 
more  adults  holding  drivers'  licenses  than 
library  cards  (l).2     But  it  is,  of  course,  much 

'  easier  to  determine  that  highway  transporta- 
tion is  having  far-reaching  social  effects  than 
it  is  to  identify  and  measure  these  effects 
with  any  precision.  Social  effects  may  be 
regarded  as  those  influences  that  change  the 
relationship  between  people  and  social  insti- 
tutions such  as  the  family,  community,  govern- 
ment, schools,  churches,  etc. 

Information  gathered  during  various  high- 
way impact  studies  and  other  pertinent  ma- 
terial 3  has  been  used  in  this  article  to  direct 
attention  to  certain  social  changes  or  trends 
that  can  be  associated  with,  or  attributed  to, 
highway  improvements.  Although  sociolo- 
gists may  attribute  additional  effects  to  highways, 
this  article  contains  discussions  primarily  of 
the  highways'  effects  on:  (1)  Suburban  de- 
velopment, (2)  population  mobility,  (3)  resi- 
dences, (4)  relocation  of  residences,  (5) 
employment  conditions,  (6)  travel  time, 
(7)  public  services,  (8)  certain  voluntary  associ- 
ations, (9)  rural  areas,  (10)  recreation,  and 
(11)  drive-ins  and  mobile  services.  In  some 
cases  these  changes  or  effects  overlap. 

Although  information  contained  in  this 
article  is  of  a  general  nature  and  does  not 
permit  definite  conclusions  as  to  the  effects 
of  modern  highways,  it  is  believed  that  the 
pervasive  role  of  modern  highway  transporta- 
tion in  urban,  suburban,  and  rural  living  is 
undeniable.     Though  there  may  be  some  ques- 


i  Presented  at  the  41st  annual  meeting,  Highway  Research 
Board,  Washington,  D.C.,  January  1962. 

*  References  indicated  by  italic  numbers  in  parentheses  are 
listed  on  p.  10. 

» In  the  preparation  of  this  paper,  particularly  the  portion 
dealing  with  church  activities,  information  gathered  and 
summarized  by  Mr.  Robert  Daiute,  an  employee  of  the 
Bureau  of  Public  Roads  during  the  summer  of  1961,  was  of 
considerable  assistance. 


This  article  focuses  attention  on  some  of  the  social  effects  and  changes  that 
have  accrued  from  construction  of  modern  highways.  Knowledge  of  these 
social  effects — both  beneficial  and  undesirable — should  be  of  assistance  to  those 
concerned  with  planning  highways,  especially  during  public  hearings  concern- 
ing the  routes  and  the  construction  of  the  highways.  It  appears  fundamental 
that  the  social  effects  attributed  to  previously  constructed  highways  should  be 
considered  when  a  new  highway  or  relocation  of  an  existing  highway  is  being 
planned. 

The  requirement  for  public  hearings  on  route  location  is  a  recognition  of  the 
need  for  consideration  of  highway  effects,  social  as  well  as  economic.  At  such 
hearings,  socio-economic  questions  may  loom  large;  for  example,  the  likely  effect 
of  a  highway  relocation  on  schools,  local  government  services,  and  residential 
areas  may  be  of  great  concern  to  those  that  will  be  affected. 

This  article  contains  a  general  discussion  of  the  influences  that  modern  high- 
ways and  their  construction  have  had  upon  life  in  the  United  States,  including 
those  on  residences  in  urban,  and  rural  areas;  population,  mobility  and  the 
resulting  developments  in  education,  recreation,  public  services,  and  certain 
voluntary  associations;  and  the  availability  of  services  for  a  mobile  public. 


tion  as  to  whether  improved  highway  trans- 
portation has  been  the  cause  or  the  effect  of 
some  of  the  changes  referred  to  in  this  article, 
it  is  clear  that  life  in  the  United  States  with- 
out modern  highway  transportation  would  be 
far  different  from  what  it  is  today. 

Social  Effects 

An  opportunity  appears  to  exist  for  im- 
provement of  public  relations  for  the  highway 
builders  through  the  development  and  dis- 
semination of  information  concerning  the  so- 
cial effects  of  highways.  For  a  number  of 
reasons,  the  public  relations  problems  faced 
by  highway  builders  are  sometimes  especially 
vexing.  Those  opposing  or  questioning  high- 
way projects  are  often  more  vocal  than  those 
supporting  or  indifferent  to  the  projects. 
The  negative  effects  of  highway  construction 
(dust,  noise,  inconvenience,  etc.)  may  be  ap- 
parent immediately,  and  the  positive  effects 
may  be  delayed  so  that  the  negative  influence 
is  often  overemphasized.  Furthermore,  ob- 
jective information  as  to  the  social  and  eco- 
nomic effects  of  highway  projects  often  is  not 
available  or  is  not  disseminated  to  the  public. 
As  a  researcher  in  Kansas  put  it  recently,  costs 
are  largely  in  the  present,  and  they  tend  to  be 


relatively  definite  and  measurable,  while 
benefits  are  only  future  anticipations  and  tend 
to  be  relatively  diffuse  and  immeasurable. 

Benefits 

Not  all  the  social  effects  of  highways  are 
beneficial.  Certain  developments  that  have 
been  associated  with  highways — for  example, 
noisy  or  littered  drive-in  facilities,  poorly 
planned  or  administered  parks  for  mobile 
homes,  or  ribbon  developments — obviously 
have  harmful  effects.  However,  these  devel- 
opments may  be  economically  beneficial  to 
certain  people,  at  least  temporarily.  While  it 
must  be  recognized  that  highways  have  some 
harmful  effects,  no  suggestion  is  intended  that 
the  harmful  effects  equal  or  approach  the 
beneficial  effects,  even  if  quantitative  measures 
were  available  for  precise  comparison.  Any 
investment  of  the  magnitude  of  that  for  the 
highway  system  of  the  United  States  is  ex- 
pected to  provide  substantial  net  benefits,  both 
social  and  economic. 

A  good  deal  of  the  attention  that  has  been 
focused  on  economic  effects  of  highways  has 
been  useful  in  indicating  what  the  social  effects 
are.  It  seems  safe  to  assume  that  increased 
residential  land  values,  which  are  often  asso- 
ciated   with    highway    improvements,    are    a 
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reflection  of  certain  social  benefits — perhaps 
easier  access  to  libraries,  schools,  government 
buildings,  churches,  friends'  residences,  and 
social  contacts.  For  fairly  small  communities, 
1,200  population  or  less,  it  is  possible  that 
bypass  routes  may  be  located  in  such  a  way 
that  residential  and  commercial  development 
ma\  be  somewhat  restricted. 

Selected  Indicators  of  Highway 
Effects 

All  social  changes  have  multiple  causes  and 
those  occurring  in  areas  of  highway  improve- 
ment cannot  all  be  attributed  to  the  effect  of 
the  highway,  as  might  be  suggested  by  the 
title  of  this  article.  In  addition  to  the  effect 
of  the  highway,  the  social  and  economic 
changes  occurring  along  Massachusetts  Route 
128  have  been  attributed  to  a  variety  of  causes: 
a  pent-up  need  for  suburban  expansion,  the 
abundant  supply  of  technically  trained  per- 
sonnel, and  aggressive  banking.  Further- 
more, the  causes  and  effects  of  social  trends 
interact  so  that  generally  it  is  difficult  to 
distinguish  between  them.  Highways  may 
have  important  influences  on  family  living, 
such  as  broadening  employment  opportunities 
and  facilitating  school  and  church  consolida- 
tions. At  the  same  time,  changes  in  family 
composition- — more  children  per  family  or 
more  working  wives — have  certain  social 
effects  that  should  be  considered  in  relation  to 
highway  building. 

Nothing  new  on  the  use  of  quantitative 
terms  to  describe  the  social  effects  of  highways 
is  presented  in  this  article.  But  as  Professor 
Hennes  has  pointed  out,  the  lack  of  precise 
instruments  for  measuring  changes  does  not 
excuse  highway  people  from  exercising  some 
measure  of  intuitive  judgment  in  the  deter- 
mination of  social  benefits.  To  ignore  reali- 
ties because  numbers  cannot  be  found  to  put 
into  formulas  would  be  most  unfortunate  (2). 

In  the  absence  of  summary  quantitative 
indicators,  perhaps  some  of  the  social  effects 
of  highways  can  be  detected  by  careful  obser- 
vation and  analysis  of  certain  social  changes 
or  trends  that  appear  to  have  been  strongly 
influenced  by  highway  transportation.  Some 
indication  of  the  highway's  influence  can  be 
gathered  by  noting  the  timing  of  certain 
trends.  In  commenting  on  the  adjustment 
that  farmers  make  to  a  loss  of  land  for  highway 
right-of-way,  Professor  McKain  has  pointed 
out  that  highways  may  simply  accelerate  and 
smooth  the  way  for  changes  that  are  inevita- 
ble, such  as  the  consolidation  of  farm  proper- 
ties (3).  It  seems  entirely  possible  that  im- 
proved highways  also  may  hasten  other 
changes  that  would  have  occurred  later  with- 
out the  highway.  Changes  or  trends  of  this 
nature  appear  to  include  the  whole  suburban 
movement,  population  mobility,  school  and 
church  consolidations,  and  generally  expanded 
community  boundaries,  upgrading  of  residen- 
tial property,  improved  public  services,  larger 
farms,  fewer  farm  buildings,  and  more  off- 
farm  employment.  Other  possible  indicators 
of  highway  effect  include  residential  develop- 
ment, changes  in  employment  conditions  and 
in  recreational  activities,  and  the  development 
of  drive-ins  and  mobile  services. 


Suburban  Development 

The  phenomenal  increase  in  population  of 
the  United  States  metropolitan  areas  is  well 
known.  Since  1950,  about  90  percent  of  the 
growth  in  population  has  occurred  in  metro- 
politan areas.  Within  metropolitan  areas,  the 
suburban  fringes  are  experiencing  the  fastest 
growth  rates — approximately  seven  times  as 
fast  as  the  rate  of  growth  for  central  cities. 
By  1980,  three-fourths  of  the  Nation's  245 
million  people  are  expected  to  be  urbanites. 

The  drift  of  population  to  metropolitan 
areas  was  underway  in  this  country  well  before 
the  advent  of  motor  vehicular  transportation 
and  can  hardly  be  attributed  to  improved 
highways.  But  the  influence  which  improved 
highways  are  having  on  the  current  accelera- 
tion of  the  movement  of  people  to  the  edges 
of  metropolitan  areas  is  undeniable.  Of  all 
the  influences  responsible  for  the  phenomenal 
growth  of  the  suburbs — -mass-produced  homes, 
shorter  working  hours,  easy  mortgage  financ- 
ing, septic  tanks,  and  driven  wells — improved 
highway  transportation  has  surely  been  one 
of  the  most  important.  This  highway  influ- 
ence on  suburban  development  is  quite  similar 
to  other  effects  that  highways  exert  and  is 
caused  primarily  by  the  increased  accessibility 
of  suburban  areas  and  the  easier  driving  that 
modern  highways  permit. 

A  good  indication  of  the  important  role 
highways  play  in  suburban  growth  is  provided 
by  Richardson,  Tex.,  a  community  from  which 
travel  time  to  downtown  Dallas  was  cut  from 
more  than  30  minutes  to  about  17  minutes, 
when  the  North  Central  Expressway  was  com- 
pleted in  1955.  Richardson's  subsequent 
growth  in  terms  of  population  increase  and 
manufacturing  activity  was  greater  than  that 
of  comparable  towns  that  were  not  influenced 
by  the  Expressway. 

It  often  has  been  pointed  out  that  the 
growth  of  a  metropolitan  organization  has 
resulted  from  the  conquest  of  distance,  a 
barrier  to  community  size.  With  modern 
highway  transportation,  it  has  become  possible 
for  almost  any  worker,  regardless  of  economic 
or  social  level,  to  commute  some  distance  to 
wrork.  Reduction  of  the  limiting  effects  of 
distance  has  permitted  an  extension  of  com- 
munity boundaries  of  up  to  35  miles  or  more 
from  the  center,  approximately  one  hour's 
travel  time. 

Modern  highway  transportation  has  been 
instrumental  in  filling  in  many  of  the  vacant 
areas  near  urban  centers,  as  well  as  in  extend- 
ing the  limits  of  settled  areas.  These  under- 
developed areas  had  resulted  from  the  pattern 
of  development  prior  to  the  1930's  when,  in 
most  cities,  development  was  feasible  only  if 
the  site  could  be  conveniently  reached  by 
public  transportation.  This  emphasis  on 
public  transportation  in  major  cities  frequent- 
ly resulted  in  a  starlike  growth  pattern.  The 
present  tendency,  for  urban  development  to 
spread  out  more  evenly  and  to  fill  in  the  gaps 
between  public  transportation  arteries,  has 
certain  advantages — for  example,  the  result- 
ant improvement  in  the  availability  of  utili- 
ties or  public  services.  Thus,  modern  high- 
ways have  the  effect  of  increasing  the  supply 
of  land  available  for  urban  development. 


Population  Mobility 

It  is  obvious  that  the  modern  highway 
system  has  had  an  effect  on  the  mobility 
of  the  American  people.  This  mobility,  of 
course,  cannot  be  attributed  solely  to  the 
effects  of  highway  transportation.  In  any 
one  year,  about  7  percent  of  the  American 
people  move  their  place  of  residence  across 
county  lines.  Disproportionately  large  num- 
bers of  these  people  are  attracted  to  those 
areas  without  public  transportation,  which 
makes  it  necessary  for  them  to  depend  on 
automobiles  and  highways  for  transportation 
(4).  This  tendency  for  people  to  move  is  a 
response  to  social  and  economic  opportunities; 
it  is  purposeful  at  least  from  the  viewpoint 
of  those  moving.  Migration  apparently 
occurs  primarily  for  economic  reasons.  This 
mobility  may  have  certain  harmful  effects  in 
that  family  and  community  ties  may  be 
broken  or  weakened;  but  at  the  same  time, 
opportunities  for  additional  and  desirable 
contacts  may  be  opened  up.  In  addition, 
mobility  of  people  geographically  usually 
speeds  and  eases  their  social  mobility  and 
reduces  provincialism. 

Residences 

The  suburban  upsurge  has  depended 
greatly  on  the  large-scale  conversion  of  land 
to  residential  purposes.  Single-family  resi- 
dences have  become  the  largest  consumer  of 
land  in  urban  areas,  from  50  to  75  pecent 
of  the  total  urbanized  area.  Thus,  the 
extent  of  the  expansion  of  urbanized  areas — 
more  than  a  million  acres  a  year — is  governed 
largely  by  the  quantities  of  land  converted  to 
residential  use. 

Effects  that  modern  highways  have  had 
on  residential  development  are  quite  obvious. 
By  shortening  travel  time,  and  in  effect 
bringing  more  land  close  to  employment  and 
shopping  centers,  modern  highway  facilities 
make  it  feasible  to  develop  land  that  formerly 
was  too  remote  for  residential  development. 
The  attraction  that  sites  located  near  modern 
highways  have  for  residential  developers  is 
so  obvious  and  generally  recognized  that  it 
hardly  seems  necessary  to  cite  specific  in 
stances  where  new  residential  development: 
have  been  associated  with  highway  improve 
ments.  The  effect  of  modern  highways  on 
residential  areas  perhaps  can  be  discerned 
more  clearly  by  considering  other  aspects  or 
which  there  is  less  general  agreement.  Some 
of  these  aspects  are  (1)  the  opinion  of  resi- 
dents toward  nearby  highways,  (2)  whether 
highways  attract  a  particular  type  of  resi 
dent,  and  (3)  how  highways  affect  com- 
munity blight. 

Opinions  of  Residents 

While  attitudes  are  no  objective  measure 
of  benefits  or  disadvantages,  the  opinions  of 
residents  about  a  nearby  highway  facility 
are  an  important  indication  of  the  social 
impact  that  the  highway  has  on  the  lo<  al 
community.  A  highway  must  not  only1 
facilitate  the  transport  of  goods  and  people 
it  must  be  generally  acceptable  to  the  resi- 
dents of  the  area  through   which  it  passes 
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Figure  1. — Residents'  opinions  of  Hutchison 
River  and  Bronx  River  Parkways  (New 
York)  by  distance  from  parkway. 


Without  this  acceptance,  a  highway  can 
generate  such  harmful  effects  as  lowered 
land  values — land  values  to  a  great  extent 
depend  on  how  people  feel  about  property 
and  the  surrounding  area — and  general  com- 
munity blight. 

In  the  determination  of  attitudes  toward 
highway  improvements,  careful  attention 
must  be  given  to  the  highway's  stage  of  de- 
velopment. Typically,  the  degree  of  accept- 
ance of  a  highway  facility  increases  with  time; 
perhaps  because  the  positive  effects  from  high- 
way improvement  sometimes  are  not  immedi- 
ately appreciated,  and  the  apprehensions 
about  possible  negative  highway  effects  often 
are  not  confirmed.  In  spite  of  this  tendency 
for  many  residents  to  be  initially  suspicious  of 
nearby  highway  improvements,  modern  high- 
ways appear  to  be  quite  acceptable  to  the  major 
portion  of  the  residents  of  areas  served  by 
these  facilities.  This  acceptance  is  based,  not 
only  on  the  attitude  that  the  highway  is  good 
for  the  community  generally  but,  in  many 
instances,  on  the  individual's  feeling  that  the 
highway  provides  benefits  to  him  personally 
or  to  his  property.  There  is  also  some  evi- 
dence that  certain  community  leaders  display 
a  more  favorable  attitude  toward  highway 
facilities  than  average  citizens  (5).  A  few 
of  the  findings  from  attitude  surveys  are  re- 
ferred to  in  the  following  paragraphs. 

Favorable  reaction 

In  Texas,  about  80  percent  of  the  residents 
questioned  along  the  Dallas  Central  Express- 
way felt  that  the  highway  made  their  property 
more  attractive  and  increased  its  value. 
Along  a  portion  of  one  San  Antonio  express- 
way, about  60  percent  of  the  owners  said  the 
attractiveness  of  their  property  had  been  en- 
hanced as  a  result  of  the  highway  improve- 
ment, while  about  40  percent  felt  that  their 
property  had  not  been  affected.  Along 
another  section  of  a  San  Antonio  expressway — 
Loop  13 — the  nearby  residents,  by  a  2-to-l 
ratio,  believed  the  highway's  effect  to  be 
beneficial. 
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In  Baltimore,  Md.,  residents  near  the  Belt- 
way who  were  questioned  also  considered  their 
highway  locations  to  be  generally  satisfactory, 
with  the  exception  of  those  located  near  a 
particular  interchange  handling  a  considerable 
volume  of  truck  traffic. 

Attitude  surveys  in  New  York  State  also 
indicated  that  residents  generally  have  found 
important  traffic  arteries  in  their  neighbor- 
hoods to  be  acceptable,  though  the  acceptance 
of  a  highway  facility  was  found  to  depend 
largely  on  the  highway's  proximity.  As  might 
be  expected,  there  is  a  relationship  between 
the  proximity  of  a  person's  residence  to  the 
highway  and  his  attitude  toward  that  high- 
way. In  Westchester  County,  for  example, 
the  percentage  of  residents  with  a  favorable 
opinion  of  the  nearby  highway  varied  from 
about  33  percent  in  the  first  100-foot  zone  to 
more  than  75  percent  in  the  300-  to  400-foot 
zone.  About  50  percent  of  the  residents  in 
the  first  100-foot  zone  regarded  the  highway 
facility  as  a  nuisance,  but  only  about  5  percent 
in  the  300-  to  400-foot  zone  regarded  it  so. 
This  relationship  is  illustrated  in  figure  1. 

The  tendency  for  residents  near,  but  not 


abutting,  a  highway  facility  to  have  a  higher 
opinion  of  the  facility  than  residents  whosi 
property  abuts  the  highway  has  been  noted 
in  other  studies,  such  as  those  made  in  Texas 
and  California.  Another  finding  from  the 
New  York  studies,  which  agrees  generally  with 
results  obtained  from  Texas  opinion  surveys, 
is  that  residents  with  children  tend  to  ob 
more  to  a  nearby  highway  than  residents  with- 
out children,  presumably  because  of  the  traffic 
hazard. 

In  addition  to  the  general  improvement  in 
access  to  employment  and  shopping  that  high- 
ways provide,  the  general  acceptance  of  high- 
way facilities  was  sometimes  based  on  an 
interesting  combination  of  reasons.  In  San 
Antonio,  benefits  mentioned  were  the  assist- 
ance the  lighted  highway  provided  in  keeping 
prowlers  away,  the  easier  circulation  of  cooling 
breezes  along  the  right-of-way,  and  the  enter- 
tainment value  provided  by  passing  cars.  Sev- 
eral of  these  advantages  have  been  mentioned  in 
studies  in  other  States;  for  example,  in  Illinois 
advantages  mentioned  included  the  interest 
and  activity  along  the  highway,  assured  light 
and  air,   and   the  parklike  environment  pro- 


Figure  2. — Varying  uses  of  land  near  a  highway,  illustrated  by  the  Gulf  Freeway,  Houston, 

Tex. 


vided  by  the  broad  right-of-way.  In  New 
York,  residents  referred  to  the  special  advan- 
tage a  highway  location  provides  when  they 
are  directing  friends  and  relatives  to  their 
homes. 

While  there  appeal's  to  be  a  general  accept- 
ance of  highway  facilities  by  nearby  residents, 
opposition  is  sometimes  raised,  particularly 
when  a  highway  cuts  through  a  residential 
community.  For  example,  those  opposing  a 
particular  highway  location  in  Rhode  Island 
stated  their  objections  thusly:  A  4-acre  play- 
ground will  be  taken  entirely  for  an  inter- 
change. Police  and  fire  protection  will  be 
more  costly  because  travel  distances  will  be 
greater.  Of  443  houses,  114  will  be  taken  and 
40  will  be  isolated,  leaving  the  community 
one-third  .smaller.  New  friendships  may 
develop,  but  more  of  the  social  life  will  have 
to  be  carried  on  by  car.  Many  children, 
instead  of  having  15-minute  walks,  will  have 
to  ride  a  bus  to  school  (6). 


Highways      and       Community 
Development 

A  highway  can  have  a  significant  influence 
on  the  general  character  of  a  community 
development — either  to  uplift  it  or  to  depress 
it,  according  to  the  type  of  residents  it 
attracts.  Analysis  of  results  of  several  inves- 
tigations suggests  that  the  type  of  residential 
development  and  the  residents  that  are  being 
attracted  to  highway  locations  are  tending  to 
upgrade  the  communities  involved.  In 
Blairsville,  Pa.,  residents  arriving  after  com- 
pletion of  a  new  bypass  route  generally  had 
more  formal  education,  higher  incomes,  more 
interest  in  community  affairs,  and  more 
upward  occupational  mobility  than  was  the 
case  for  people  with  a  longer  period  of  resi- 
dence (5).  In  Monroeville,  Pa.,  where  rapid 
development  has  been  experienced  along  with 
greatly  improved  highway  access,  recent 
residential  construction  has  been  predomi- 
nantly for  white-collar  employees,  in  contrast 


to  the  character  of  its  earlier  residentia' 
development.  A  similar  upgrading  in  resi- 
dential development  has  been  noted  in  associa- 
tion with  the  Atlanta  Expressway  in  Georgia. 
Caution  obviously  should  be  exercised  against 
overstating  the  highway  influence.  Some 
increase  in  the  proportion  of  technical  and 
professional  people  attracted  to  any  new 
development,  with  or  without  highways,  is  of 
course  to  be  expected  in  view  of  the  increas- 
ingly higher  educational  and  training  stand- 
ards for  the  work  force. 
Highway  effect  on  blight 

Highways  can  exert  either  a  beneficial 
influence  on  a  community  or  can  contribute 
to  its  blight.  The  noise  and  accident  hazard 
associated  with  some  highways,  especially 
those  with  free  access,  can  have  a  blighting 
influence  on  nearby  residences.  Even  con- 
trolled-access  highways  can  have  such  a 
blighting  effect  if  residences  are  too  close  or 
are    poorly    oriented    to    the    right-of-way. 
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Figure  3. — Residential  lots  oriented  to  a  modern  highway,  illustrated  by  Interstate  Route  91,  south  of  Kalamazoo,  Mich. 
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But  highways  often  exert  a  beneficial  in- 
fluence as  evidenced  by  the  reclaiming  of 
blighted  areas  and  the  prevention  of  blight 
by  the  removal  of  substandard  structures  for 
a  highway  improvement.  Because  of  the 
low  prices  paid  for  right-of-way  property 
that  is  in  a  rundown  condition,  construction 
of  the  Interstate  System  has  been  an  incentive 
for  urban  renewal  efforts  in  a  number  of 
cities.  It  has  been  estimated  that  50  percent 
of  the  Boston,  Mass.,  households  displaced 
for  the  inner  beltway,  between  Memorial 
Drive  and  Massachusetts  Avenue,  would 
have  been  removed  eventually  during  urban 
renewal  projects  (7).  In  addition  to  pro- 
viding an  impetus  for  clearing  slum  areas, 
the  payment  provided  for  the  direct  cost  of 
property  taken  for  the  highway  can  assist 
localities  in  clearing  out  these  areas.  The 
Federal  Reserve  Bank  of  Boston  has  referred 
thus  to  the  effect  of  highway  construction  on 
urban  development:  "A  web  of  new  highways 
across  the  land  is  eating  out  slums  .  .  .  and 
generally  changing  the  faces  of  our  cities." 

Highways  can  also  help  prevent  blight  by 
providing  boundaries  between  differing  uses 
of  land.  Since  modern  freeways  are  ordi- 
narily broad,  well-landscaped,  and  quite 
permanent,  with  relatively  few  cross-overs, 
they  can  be  made  to  serve  as  effective  bar- 
riers between  areas,  such  as  between  resi- 
dential and  industrial  areas.  James  Rouse 
and  Wilfred  Owen  have  compared  the  Waverly 
and  Hampden  areas  in  Baltimore,  Md., 
stating  that  Hampden  has  been  able  to  keep 
its  identity  and  avoid  blight  because  of  its 
surrounding  barriers — including  highways  (8). 
The  Gulf  Freeway  demonstrates  an  effective 
use  of  a  highway  facility  to  separate  industrial 
and  commercial  uses  of  land  from  residential 
areas,  as  shown  in  figure  2. 

However,  geographical  separations  caused 
by  highways  can  sometimes  be  undesirable; 
for  example,  the  division  of  an  elementary 
school  district.  Obviously,  coordination  of 
highway  planning  with  land-use  planning  is 
required.  As  Ellis  Armstrong  has  said,  "A 
highway  resembles  a  hallway  with  the  same 
need  for  a  blueprint  to  show  what  is  to  be  on 
either  side — living  rooms,  office  space,  bed- 
rooms, etc."  (9).  Enough  experience  has  been 
gained  with  residential  areas  adjacent  to 
modern  highways  to  demonstrate  that  the 
two  can  be  compatible,  if  they  are  properly 
coordinated.  Figure  3  illustrates  a  successful 
way  of  locating  residential  areas  near  a  high- 
way, with  deep  backyards  abutting  the  high- 
way. More  than  four-fifths  of  the  1,239 
urban  places  of  10,000  population  and  over 
(the  number  out  of  1,749  that  have  responded 
to  a  Public  Roads  survey)  reported  the 
existence  of  either  a  comprehensive,  a  trans- 
portation, or  an  arterial  highway  plan. 

Relocation  of  Residents 

While  more  detailed  information  is  needed 
to  show  what  happens  to  the  people  displaced 
from  land  taken  for  highway  right-of-way, 
enough  has  been  learned  to  suggest  that  cer- 
tain adjustments  may  be  typical.  Investiga- 
tions in  several  different  locations  have  indi- 
cated that  displaced  residents  often  improve 
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their  living  conditions,  either  by  upgrading 
houses  that  are  moved  to  new  lots,  or  by  pur- 
chasing better  quality  houses.  In  fact,  there 
is  sometimes  such  an  upgrading  in  housing 
that  total  assessed  valuation  for  people  re- 
locating in  the  same  community  is  greater  than 
the  total  assessed  valuations  for  all  those  who 
were  displaced.  However,  it  is  easy  to  over- 
estimate the  highway  influence  when  upgrad- 
ing accompanies  relocation;  the  highway  may 
in  some  cases  merely  hasten  an  upgrading  that 
would  have  come  later  without  the  highway. 
The  possibility  also  exists  that  some  people 
improve  their  housing  conditions  because  more 
moderately  priced  housing  is  unobtainable, 
though  such  cases  are  believed  to  be  few. 

Employment 

Modern  highway  transportation  affects  em- 
ployment and  employees  in  several  important 
ways.  Improved  highway  transportation  has 
the  effect  of  bringing  additional  employment 
opportunities  within  commuting  distance. 
Highway  improvements  also  commonly  result 
in  a  saving  to  employees,  in  time  or  money,  or 
both.  For  employees  working  in  locations 
served  by  a  modern  highway,  such  as  indus- 
trial parks,  a  further  benefit  of  easy  and  eco- 
nomical parking  ordinarily  results. 

The  reliance  placed  on  highways  for  com- 
muting to  work  is  shown  by  the  results  of  a 
recent  survey  in  20  States — almost  70  percent 
of  all  workers  commuted  to  and  from  work  by 
automobile  (10).  The  importance  of  bringing 
additional  employment  opportunities  within 
commuting  distance  can  hardly  be  overesti- 
mated. Increased  employment  opportunities 
increase  the  likelihood  that  individuals  will  be 
able  to  find  suitable  employment — jobs  that 
more  nearly  correspond  to  their  full  capabil- 
ities. As  the  Baltimore  Regional  Planning 
Council  has  stated,  ".  .  .  an  important  goal 
to  be  considered  is  the  desirability  of  maintain- 
ing a  variety  of  employment  opportunities 
accessible  from  any  given  residential  area  so 
that  a  change  of  job  will  not  necessitate  a 
change  of  residence  away  from  established 
social  ties." 

Travel  Time 

That  workers  are  traveling  increased  dis- 
tances to  work  on  modern  highways  appears 
undeniable;  work  travel  is  thought  of  in  terms 
of  travel  time  rather  than  distance.  Of  work- 
ers using  automobiles  for  the  trip  to  work, 
over  10  percent  have  a  one-way  travel  dis- 
tance of  more  than  15  miles,  and  about  two- 
fifths  of  them  travel  25  miles  or  more.  In 
Detroit,  one  out  of  five  workmen  has  been 
reported  to  travel  more  than  10  miles  to  work. 
In  Atlanta,  Ga.,  15  percent  of  the  labor  force 
crosses  county  lines  to  employment,  and  these 
commuters  typically  travel  about  33  miles  on 
public  highways.  A  number  of  workers  have 
been  found  who  travel  as  far  as  60  miles  to 
work;  and  around  Boston,  Mass.,  commuters 
on  the  modern  design  Route  128  spend  about 
the  same  amount  of  time  in  going  approxi- 
mately 15  miles  to  work  as  others  spend  in 
going  an  average  of  8.5  miles  on  other  routes 
(11).  This  apparent  advantage  of  a  modern 
highway  system  may  of  course  result  in  part 
from  other  causes  such  as  less  settlement  or 
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Figure  4.— Extension.  (1958-60)  of  labor 
market  for  one  manufacturing  firm  that 
followed  construction  of  the  Connecticut 
Turnpike.  Note  how  this  expansion  ivas 
greatest  near  the  axis  of  the   Turnpike. 


congestion  in  the  area  served  by  Route  128. 
Figure  4  illustrates  the  effects  that  a  modern 
highway  apparently  had  on  the  commuting 
pattern  of  one  firm's  employees. 

Highway  Effects   on   Public   Services 

Highway  effects  on  public  services  resemble 
their  effects  on  many  other  aspects  of  Ameri- 
can life;  some  appear  to  be  harmful,  others 
beneficial.  In  some  instances,  areas  subject 
to  the  influence  of  a  modern  highway  have 
beeti  associated  with  increased  demands  and 
higher  costs  for  education  and  other  public 
services,  as  well  as  with  increased  tax  rolls  to 
help  pay  for  these  increases  in  public  service. 
Perhaps  the  most  important  and  beneficial  ef- 
fect of  improved  highway  transportation  on 
public  services  is  that  public  service  facili- 
ties are  made  available  more  generally  and 
more  economically. 

Protection  services 

Protection  services  such  as  fire  and  police 
are  clearly  dependent  on  the  availability  of 
efficient  highways.  The  fairly  elaborate  sys- 
tems that  firefighting  organizations  employ 
for  mutual  aid  in  case  of  catastrophic  fires 
provide  an  example  of  this  important  reliance 
on  efficient  highway  transportation.  Police 
protection  can  be  improved  by  the  highway's 
effect  in  making  police  officers  more  mobile, 
by  increasing  coordination  between  State  and 
local  police,  and  by  permitting  use  of  more 
centralized  headquarters. 

Education 

Education  has  undergone  several  marked 
changes  that  appear  to  be  quite  directly 
related  to  highway  improvements.  Some  of 
these  changes  are  shown  in  figure  5.  The 
number  of  rural  one-room  schools  has  declined 
from  about  190,000  to  25,000  during  the  past 
40  years.  During  this  same  period,  the  num- 
ber of  pupils   transported  in  schoolbuses  has 
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Figure  5.— -Relation  of  new  highways  to  changes  affecting  rural  schools. 


increased;  and  the  unit  cost  of  transporting 
pupils  has  declined.  This  lower  cost  appears 
to  be  the  result,  at  least  in  part,  of  the  im- 
provement of  available  highways.  During 
the  past  30  years,  the  daily  mileage  traveled 
by  each  schoolbus  has  nearly  doubled — from 
22  to  40  miles — and  the  number  of  pupils 
carried  by  each  bus  has  increased.  Other 
improvements  related  to  education,  which 
appear  to  be  at  least  partly  associated  with 
improved  highway  transportation,  are  the 
gains  made  in  school  enrollment  both  in 
absolute  numbers  and  in  the  proportion  of  the 
school    age    population    enrolled — and    gains 


made  in  the  average  attendance  of  enrolled 
pupils.  The  absentee  rate  in  public  schools 
in  1900,  for  example,  averaged  more  than  33 
percent  of  the  enrollment  compared  with  an 
absentee  rate  of  only  12  percent  in  1958. 

The  increasing  feasibility  of  daily  highway 
travel  to  educational  establishments  has 
special  significance  for  higher  education. 
The  burgeoning  United  States  population, 
combined  with  higher  and  higher  expecta- 
tions for  education,  would  place  an  intolerable 
burden  on  colleges  and  universities  if  these 
institutions  had  to  provide  living  facilities  for 
all   those   attending   college.      In   addition   to 


offering  colleges  and  universities  some  relief 
from  the  necessity  for  providing  dormitory 
space,  commuting  from  home  to  college  often 
permits  the  young  people  who  cannot  afford 
to  pay  room  and  board  to  attend  college. 
Such  commuting  by  auto  obviously  may 
aggravate  parking  problems  on  campuses  and 
in  nearby  areas.  Figure  6  shows  typical 
changes  that  have  occurred  during  the  past 
20  years  in  the  pattern  of  commuting  to  an 
institution  of  higher  learning.  The  increased 
volume  and  greater  distances  involved  are 
quite  noticeable.  At  many  colleges  and  uni- 
versities, nearly  half  of  the  students  arrive  by 
automobile  (12). 

Postal  service 

Postal  service  changes  also  reflect  certain 
highway  effects.  Improved  highway  trans- 
portation appears  to  be  at  least  partially 
responsible  for  the  trend  to  longer  rural  de- 
livery routes,  fewer  post  offices,  and  an  in- 
crease in  the  portion  of  mail  being  hauled  by 
highway.  Changes  made  in  rural  mail 
delivery  routes  show  a  remarkable  improve- 
ment in  productivity.  The  average  length  of 
rural  mail  delivery  routes  had  increased  from 
27  miles  in  1920  to  56  miles  by  1959.  Table 
1  provides  additional  information  about  the 
development  of  rural  delivery  routes.  In 
addition  to  improved  highway  transportation, 
the  increased  distances  that  rural  carriers 
travel  have  no  doubt  depended  on  the  more 
lenient  requirements  approved  for  establish- 
ment of  rural  delivery  routes,  such  as  the 
change  from  the  requirement  for  four  families 
per  mile  traveled  prior  to  1953,  to  two  families 
in  1959. 

Increasing  reliance  placed  on  highways 
through  mobility  apparently  has  been  a 
contributing  factor  in  making  it  possible  for 
the  Post  Office  Department  to  close  a  sub- 
stantial number  of  smaller  post  offices  without 
impairing  postal  service.  Thus,  from  nearly 
77,000  post  offices  in  1900,  the  number  has 
declined  to  less  than  half,  approximately 
36,000.  Many  new  post  offices  have  been 
established  during  this  same  period  to  serve 
areas  with  increasing  populations.  While  the1 
number  of  post  offices  has  declined,  the  volume 
of  mail  has  increased  manyf old ;  in  recent 
years,  the  percentage  increase  in  mail  volumes 
has  been  about  twice  that  of  the  population. 

Health  services 

Health  services  also  have  been  affected  in 
important  ways  by  improved  mobility  made 
possible  because  of  better  highways.  This 
improved  mobility  obviously  benefits  many 
phases  of  health  service — patients,  physicians, 
visiting  nurses,  health  inspectors,  health  test- 
ing units,  etc.  Medical  doctors  were  among 
the  first  users  of  the  automobile.  Automo- 
biles permitted  them  to  increase  the  number 
of  patients  they  could  call  on  from  5  to  7  a 
day  to,  perhaps,  8  to  10  a  day.  Gradually, 
however,  the  practice  of  doctors  to  make  home 
visits  has  changed  until  now  the  practice  is; 
for  patients  to  visit  doctors'  offices.  The 
increase  in  productivity  of  doctors  resulting 
from  this  change  in  mode  of  operation  has 
been  quite  spectacular:  from  15  to  35  patients 
now  can  be  seen  daily.     An  American  Medical  i 
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Table  1.— Rural  free  delivery  routes,  1900-59 ' 


Rural  free  delivery  routes 

Total 
annual 
travel 

Year 

Number 

Total 
length 

Average 
length 

1900 
1910 
1920 
1930 
1940 
1950 
1959 

1,259 
41,079 
43,  445 
43,  278 
32,  646 
32,  619 
31,377 

1,000  miles 
29 
993 
1, 152 
1,335 
1,402 
1,493 
1,753 

i.iiiKlmi/tx 
23 
24 
27 
31 
43 
46 
56 

1,000  miles 

303, 007 
348, 627 
404,  738 
424,  704 
453, 260 
532, 677 

1  Source:  Statistical  Abstract  of  the  United  States,  1959,  U.S. 
Bureau  of  the  Census,  and  Annual  Report  of  the  Postmaster 
General,  1959,  U.S.  Post  Office  Department. 


Association  study  notes  that  in  a  rural  county 
in  Illinois,  16  physicians  in  1950  had  provided 
more  service  for  more  people  than  42  physi- 
cians had  provided  in  1920. 

The  effectiveness  of  such  health  facilities  as 
hospitals  often  depends  largely  on  how  acees- 
iible  they  are.  Travel  time  to  the  facility 
may  be  all-important.  In  some  instances,  as 
many  as  75  percent  of  all  hospital  patients 
arrive  by  motor  vehicle. 

Location  criteria 

Location  criteria  for  public  service  facilities 
provide  some  indication  of  the  effect  highways 
have  on  public  services.  In  general,  service 
areas  are  expanding  and  accessibility  is  being 
recognized  as  a  more  important  factor  than 
that  of  being  near  the  geographic  center  of 
the  area  served.     Thus,  police  stations  may 


be  established  on  an  accessible  site  with  space 
for  parking.  Schools  may  be  located  away 
from  main  thoroughfares  to  avoid  grade- 
crossing  problems.  Some  public  service  facil- 
ities, such  as  senior  high  schools  and  hospitals 
whose  activities  might  annoy  nearby  residents, 
need  locations  removed  or  isolated  from 
residential  areas  but  accessible  to  arterial 
highways.  Physicians  are  locating  more  and 
more  in  suburban  areas,  many  of  them  in 
medical  centers  oriented  to  high-capacity 
highway  facilities.  Libraries,  especially  down- 
town libraries,  need  to  be  accessible  to  both 
pedestrian  and  motor  vehicular  traffic.  Figure 
7  shows  a  dramatic  example  of  the  emphasis 
that  has  been  given  to  accessibility  in  locating 
a  library  building;  this  library  building  in 
Hartford,  Conn.,  spans  the  highway. 

Highway  Influence  on  Voluntary 
Associations 

The  role  that  improved  highway  trans- 
portation has  played  in  creating  opportunities 
for  new  associations  and  in  changing  many 
local  neighborhood  ties  is  fairly  obvious. 
According  to  Professor  Hawley,  highway 
transportation,  ".  .  .  more  than  any  other 
single  factor,  has  revolutionized  the  pattern 
of  local  relations."  With  the  expanded 
community  made  possible  with  modern  high- 
way transportation,  ".  .  .  the  traditional 
support  of  local  government,  the  church,  the 
family,  the  neighborhood  group,  is  weak- 
ened." The  services  formerly  derived  from 
such  units,  if  sought  at  all,  are  found  in  better 
equipped  and  more  widely  scattered  units  (13). 


Like  many  other  highway  effects,  then,  it 
appears  that  the  influence  that  highways 
have  exerted  on  participation  in  voluntary 
organizations  has  been  both  beneficial  and 
harmful  in  some  aspects.  The  easier  partici- 
pation in  church,  fraternal,  social,  civic,  or 
other  voluntary  organizations,  which  improved 
highways  permit,  is  suggested  by  the  results 
of  a  Connecticut  study.  This  survey  of  more 
than  1,800  suburban  families  revealed  that 
those  families  located  on  hard-surfaced  roads  had 
an  average  per  family  of  nearly  two  memberships 
in  voluntary  organizations  compared  with  an 
average  of  only  about  one-half  a  membership 
for  those  families  not  located  on  hard-surfaced 
roads  (14). 

Churches 

Variations  in  church  experience  and  activity 
provide  some  indication  of  the  effect  of  high- 
way transportation;  church  activities  provide 
a  fairly  close  reflection  of  population  move- 
ments. Thus,  suburban  churches  generally 
are  growing  and  prospering  while  churches  in 
downtown  areas  of  large  cities  and  in  rural 
locations  are  having  difficulty  in  continuing 
to  exist.  Much  of  the  general  increase  in 
total  church  membership,  now  about  113 
million,  and  in  the  percentage  of  the  popula- 
tion associated  with  a  church,  60  percent 
now  versus  40  percent  in  1910,  has  occurred 
in  suburban  areas.  A  survey  of  4,600 
Protestant  churches,  in  23  metropolitan 
districts  and  3  suburban  counties,  shows  that 
70  percent  of  the  churches  in  suburban  areas 
have  been  growing  (15).  The  Catholic 
church   has  experienced  a  similar  growth  in 


Figure  6.— Changes  in  commuting  pattern  for  university  and  college  students  illustrated  by  1939  and  1959  patterns  for  the 

University  of  Kansas,  Manhattan,  Kans, 
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Figure  7. — Public  library  in  Hartford  Conn.,  spans  the  highway.     The  ivindowless  section 
at  the  base  houses  the  supporting  girders  and  the  library's  basement  bookstack  area. 


the  suburbs;  in  recent,  years  some  55,000 
members  have  been  added  each  year  in  the 
newer  sections  of  Los  Angeles  alone  (16). 
The  survey  of  Protestant  churches  also  re- 
vealed that  a  decline  in  church  activity  was 
experienced  by  23  percent  of  the  metropolitan 
churches,  a  disproportionate  number  of  which 
were  in  downtown  locations.  In  rural  areas, 
Protestant  churches  closed  at  the  rate  of 
1,000  per  year  between  1946  and  1956  (17). 

Several  of  these  changes  in  church  experi- 
ence are  clearly  related  to  improved  highway 
transportation.  It  seems  reasonable  to  infer 
that  trips  for  church  attendance  are  becoming 
longer.  This  follows  from  the  fact  that  the 
average  number  of  members  per  congregation 
has  increased  from  235  in  1926  to  357  in  1959, 
even  though  an  increasing  portion  of  those 
attending  church  reside  in  suburban  areas, 
where  population  may  be  quite  scattered  (18). 
In  helping  to  make  it  feasible  for  people  to 
congregate  in  larger  groups,  highways  no 
doubt  have  been  at  least  partially  responsible 
for  the  closing  of  many  rural  churches.  Rural 
church  difficulties  may  come  about  because 
former  members  travel  farther  to  attend 
larger  churches  and/or  because  of  the  "... 
intensified  competition  for  the  time  of  nominal 
adherents  .  .  ."  (13).  The  beneficial  effects 
that  highways  have  in  making  pastors  more 
mobile  for  calls  on  parishioners  and,  in  many 
cases,  for  dual  preaching  assignments  seems 
especially  important  in  view  of  the  growing 
shortage  of  clergymen. 

The  wisdom  of  locating  suburban  churches 
near  highways  of  modern  design  seems  un- 
deniable. The  advantage  of  going  on  display 
along  a  heavily  traveled  highway  may  be 
even  greater  for  churches  than  for  other 
establishments.  Unlike  school,  work,  shop- 
ping, and  family  associations,  church  affilia- 
tion is  sometimes  so  tenuous  that  many 
people  new  to  an  area  will  make  little  effort  to 


locate  a  church  to  attend.  In  the  shift  of 
population  from  rural  and  central  city  areas 
to  the  suburbs,  many  people  delay  affiliating 
with  a  church  in  the  new  area.  In  one  sub- 
urban area  in  Connecticut,  25  percent  of  the 
new  residents  were  found  to  have  no  church 
affiliation;  13  percent  of  the  residents  who  had 
been  in  the  community  for  some  time  were 
affiliated  with  churches  (14-)-  The  need  for 
having  their  location  known  to  our  mobile 
population — perhaps  by  locating  along  a 
modern  highway — is  further  suggested  by  the 
fact  that  50  percent  of  all  Protestant  church 
members  have  joined  their  congregations 
during  the  last  10  years  (19). 

Rural  Effects 

Improved  transportation  through  highways 
and  motor  vehicles  has  generally  been  regarded 
as  one  of  the  more  important  forces  underlying 
the  American  agricultural  revolution  (20). 
Both  passenger  automobiles  and  trucks  are 
particularly  well  suited  to  the  needs  of  farmers 
and  farm  operations.  Nearly  one-fourth  of 
all  motortrucks  are  in  farm  use,*,  although  the 
farm  population  constitutes  only  a  small 
portion  of  the  total  population — slightly  over 
one-tenth.  And  since  1940,  the  number  of 
farm  trucks  has  been  tripled  although  the 
farm  population  has  declined.  As  can  be 
seen  from  figure  8,  both  the  number  of  farm 
operators  working  off  the  farm  and  the  number 
of  hired  farm  workers  have  been  increasing 
significantly  during  the  same  period  that  the 
total  number  of  farm  operators  has  been  de- 
clining. These  changes  obviously  have 
resulted  from  the  increasing  mobility  of  the 
farm  population;  highways  are  generally  the 
sole  means  of  transportation  in  rural  areas. 
Farm  labor — both  migratory  and  local  day 
workers — arrives  practically  100  percent  by 
highway.  The  importance  that  highway 
networks  have  on  the  availability  of  an  ade- 


quate supply  of  farm  labor  is  suggested  by  the 
fact  that  certain  areas  in  New  Mexico  and 
Nevada,  located  some  distance  from  major 
highways,  have  a  chronic  shortage  of  farm 
labor. 

Off-farm  employment 

The  tendency  for  more  and  more  farm 
people  to  work  in  off-farm  employment 
appears  to  have  been  the  result  of  several 
influences.  As  a  result  of  the  current  tech- 
nological revolution  in  agriculture,  of  which 
highway  transportation  improvements  are  an 
important  part,  farm  people  now  have  more 
time  available  for  nonfarm  employment. 
Also,  the  increasing  dispersal  of  industry  intoi 
rural  areas  has  made  more  employment  oppor- 
tunities available.  From  a  recent  study  of 
rural  industry  in  North  Carolina,  it  was  found 
that  one-third  of  the  population  in  rural  areas] 
consists  of  nonfarmers  and  that  a  primary; 
contributor  to  this  has  been  the  automobile.: 
The  association  of  modern  highways  with 
increased  off-farm  employment  has  been  notedl 
in  a  number  of  other  locations;  for  example 
in  Iowa  the  improved  access  provided  by  an 
Interstate  route  was  credited  in  part  for  a 
higher-than-average  rate  of  off-farm  employ- 
ment (21). 

Living  conditions 

Highways  are  having  a  profound  influence 
on  living  conditions  in  rural  areas.  Change; 
in  rural  life  patterns,  attributable  in  part  t( 
improved  highway  transportation,  includs 
wider  opportunities  for  nonwork  activities 
increased  opportunities  for  off-farm  employ 
ment,  and  a  general  improvement  in  or  up 
grading  of  rural  areas  as  places  in  which  t( 
live.  That  opportunities  for  such  nonworl 
associations  as  shopping,  recreation,  church 
lodge,  and  farm  meetings  are  increased  witl 
improved  transportation  is  suggested  by  thi 
increasing  participation  in  these  activities  b}j 
farm  people.  In  1920,  for  example,  12  million 
attendances  at  farm  meetings  were  recorded 
in  1957,  77  million  attendances  were  recordec 
even  though  the  total  number  of  farmers  ha. 
been  declining  (22).  The  influence  of  in 
proved  highways  in  facilitating  attendance  a: 
farm  meetings  has  been  noted  especially  ii 
Missouri,  where  highways  have  been  creditec 
with  speeding  the  work  of  county  agents  an< 
facilitating  attendance  at  social  gathering  I 
and  church  (23). 

In  providing  alternative  opportunities  fo 
the  close  family  relationships  that  have  beer 
traditional  in  rural  areas,  improved  highwa; 
transportation  may  tend  to  weaken  sue 
relationships.  While  the  many  changes  tha 
have  altered  farm  life  at  such  a  rapid  pac 
have  created  problems  in  family  relationship 
and  social  orientation,  these  changes  have 
nevertheless,  opened  up  new  horizons  ami 
new  opportunities  for  self  improvement  am 
enjoyment  of  life  in  rural  areas. 

That  the  attractiveness  of  a  rural  area  as 
place  to  live  should  be  enhanced  as  a  resul 
of  improved  highway  service  seems  onli 
natural,  and  this  development  has  been  note'l 
in  several  instances.  In  Montana,  for  esl 
ample,  a  road  improvement  was  rated  by  7l 
percent  of  the  farm  people  queried  as  makin 
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the  farm  home  a  more  pleasant  place  to  live. 
Among  the  specific  advantages  referred  to  by 
the  Montana  farmers  contacted  were:  (1) 
ease  in  visiting  other  farms,  (2)  elimination  of 
dust,  (3)  easier  marketing  and  buying,  (4) 
improvement  in  schoolbus  roads,  (5)  easier 
commuting  to  college,  and  (6)  faster  service 
in  emergencies,  such  as  medical  visits.  In 
Texas,  several  improvements  have  been  ob- 
served in  the  rural  community  served  by  the 
Camp  Creek  Road.  Following  the  upgrading 
of  this  Road,  the  number  of  dwellings  along  the 
highway  increased  and,  apparently,  reversed 
the  tendency  for  this  farm  neighborhood  to 
disintegrate  as  a  result  of  farmers  or  retired 
farmers  moving  to  town.  Several  of  the  new 
house  owners  said  that  the}'  would  not  have 
built  along  this  highway  had  it  not  been 
improved. 

Farms  partially  taken  for  highway  right-of- 
way  ordinarily  experience  a  sharp  impact. 
As  suggested  earlier,  there  are  some  indications 
that  partial  takings  have  the  effect  of  hasten- 
ing changes  that  would  occur  later  in  the  ab- 
sence of  the  highway.  Changes,  which  have 
■been  tentatively  associated  with  partially 
taken  farms,  include  increased  employment  off 
the  farm,  increased  farm  consolidations,  dis- 
persed farm  operating  units,  fewer  buildings 
per  farm,  and  higher  farm  mortality.  It  is 
nteresting  to  note  that,  with  the  regrouping 
following  highway  acquisition,  the  farm  units 
losing  land  for  highway  right-of-way  have,  in 
several  instances,  ended  up  with  more  land. 

Highway  Effects  on  Recreation 

The  different  ways  in  which  highways  have 
laffected  recreation  have  been  commented  on 
Recently  by  Wilfred  Owen,  who  deplores  the 
.taking  of  park  and  recreation  land  for  high- 
iway  right-of-way;  but  he  also  points  out  that 
j  highway  transportation  often  makes  possible 
jkhe  fullest  enjoyment  of  park  areas.  The 
] acquisition  of  highway  right-of-way  has  in 
some  cases  necessitated  the  taking  of  portions 
ibf  recreational  areas;  this  effect  of  a  highway 
I  should  obviously  be  avoided  if  possible. 
•  Criticism  has  also  been  leveled  at  modern 
(highways  for  the  alleged  lack  of  provision  of 
■'intellectual  stimulation"  and  "emotional 
cbontent"  (34);  but  highways  have  often  been 
(idven  credit,  along  with  increased  leisure  and 
i  ncome,  for  the  tremendous  increase  in  recrea- 

ional  facilities  and  activities.  At  a  1958 
iitVew  York-New  Jersey  Regional  Recreational 
Conference,  for  example,  the  tremendous  ex- 
pansion of  the  arterial  network  crisscrossing 
lthe  metropolitan  region  was  referred  to  as 
ithia'<ing  possible  the  phenomenal  growth  of  the 
:oark  system.  In  the  New  York-New  Jersey 
region,  the  arterial  system  not  only  provides 
e  asy  access  to  the  State  park  systems  but  has, 
it  n  addition,  provided  the  neighborhoods  in 
it  the  city  through  which  it  passes  with  hundreds 

)f  acres  of  urgently  needed  neighborhood  rec- 
reation space. 

ill  There  is,  of  course,  a  strong  association  be- 
tween highway  travel  and  recreation.  In 
«Dalifornia,  the  total  passenger-miles  traveled 
S'Or  recreation  has  been  reported  to  be  as  great 
7i:is  for  all  other  purposes,  and  the  strong  re- 
D||iance    of   many    recreational    areas    on    good 


highway  transportation  has  been  well  docu- 
mented. In  Yellowstone  National  Park  the 
number  of  annual  visitors  increased  from 
52,000  before  1917,  when  no  cars  were  per- 
mitted inside  the  park,  to  250,000  annually 
in  the  1917-27  period  and  to  1.4  million  in 
1959  (25). 

Drive-ins    and    Services   for    Mobile 
Public 

The  various  drive-ins  and  services  available 
for  the  mobile  public  are  among  the  most 
obvious  of  the  ways  in  which  highway  trans- 
portation is  influencing  the  American  way  of 
living.  The  variety  of  commercial  enterprises 
or  services  that  have  been  established  as  drive- 
ins  or  as  facilities  for  motorists  is  quite  re- 
markable, regardless  of  whether  these 
highway-oriented  establishments  are  con- 
sidered desirable.  In  fact,  someone  has 
suggested  that  a  motorist  can  drive  in  for 
almost  any  service  except  parking. 


Drive-in  facilities  have  been  used  for  such 
endeavors  as  banks,  churches,  laundries,  tele- 
phones, insurance  claim  windows,  drug  pre- 
scription windows,  tax  offices,  car  washes 
mail  and  library  deposit  boxes,  and  motor- 
vehicle  registration  windows;  and  the  number 
lias  grown  phenomenally.  The  original  drive- 
ins — filling  stations — have  increased  in  number 
to  more  than  182,000.  Other  types  of  drive- 
in  facilities  that  have  become  fairly  numerous 
include  motels,  58,000;  bank  windows,  6,000; 
and  drive-in  restaurants,  30,000.  Drive-in 
restaurants  are  among  the  fastest  growing 
types  of  drive-in  establishments.  Three  out 
of  each  five  new  restaurants  being  established 
are  drive-ins,  and  about  one-third  of  all  the 
money  spent  at  restaurants  is  spent  at  drive- 
ins.  There  may  be  some  cause  for  concern 
about  the  rapid  growth  of  these  eating  estab- 
lishments since  objectionable  noise  and  litter 
problems  sometimes  are  associated  with  such 
businesses.  An  analysis  of  the  relative 
desirability    of    retail    trade    locations    shows 
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ih.it  drive-in  restaurants  arc  incompatible 
with  nearly  all  other  types  of  businesses   {26). 

The  growth  and  variety  of  other  services 
for  the  mobile  public  has  paralleled  that  of 
the  drive-ins.  A  phenomenal  growth  has 
occurred  in  the  number  of  mobile  homes; 
retail  sales  of  mobile  homes  have  increased 
from  about  $13  million  in  1930,  to  $39  million 
in  1954,  to  $600  million  in  1957.  About  3'j 
million  people  are  now  housed  in  mobile 
units,  the  majority  in  some  13,000  mobile- 
home  parks.  The  popularity  and  community 
acceptance  of  mobile-home  living  varies  con- 
siderably from  region  to  region.  As  might 
be  expected,  it  appears  to  depend  in  an 
important  way  on  climate;  mobile  homes 
generally  have  been  more  popular  in  southern 
and  western  regions  of  the  country.  There 
appears  to  be  a  growing  awareness  of  the 
need  for  planning  sites  for  these  abodes  to  fit 
in  with  residential  areas  of  the  conventional 
type  and  with  other  land  uses. 

Other,  but  less  common,  activities  associated 
with  mobility  on  the  highways  include  swim- 
ming pools  and,  curiously,  bee  hives.  A  few 
resourceful  beekeepers  have  been  able  to 
stretch  out  the  honey-making  season  by 
mounting  bee  hives  on  trucks  and  trans- 
porting them  between  Minnesota  and  Texas, 
between  southern  California  and  Idaho,  and 
between  New  York  and  Florida  {27). 
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progress    and    activities    of    the    Federal-ai 
program  during  the  fiscal  year  1961. 

Hightvay  Statistics,  1960 

The  Bureau  of  Public  Roads  has  recently 
published  Highway  Statistics,  1960,  the  six- 
teenth in  this  annual  series.  The  new  bulletin 
presents  the  1960  statistical  and  analytical 
tables  of  general  interest  on  motor  fuel,  motor 
vehicles,  highway-user  taxation,  State  and 
local  highway  finance,  highway  mileage,  and 
Federal-aid  for  highways.  The  206-page 
bulletin  may  be  purchased  from  the  Superin- 
tendent of  Documents,  Government  Printing 
Office,  Washington  25,  D.C.,  at  $1.25  per 
copy.  Earlier  annual  issues  of  the  series,  and] 
a  summary  of  Highway  Statistics  to  1955,  are! 
available  from  the  Superintendent  of  Docu- 
ments as  indicated  on  the  inside  back  cover  of 
Pt  blic   Roads. 


April  1962  •  PUBLIC  ROADS 


Estimated  Travel  by  Motor  Vehicles  in  1960 
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Reported  by  THEODORE  S.  DICKERSON, 
Highway  Research  Engineer 


MOTOR-VEHICLE  travel  in  the  United 
States  in  1960  totaled  718.8  billion 
vehicle-miles,  an  increase  of  3  percent  over 
the  travel  in  1959. 1  The  travel  data  were 
compiled  from  information  supplied  by  the 
State  highway  departments  and  toll  authori- 
ties. Total  travel  for  1961  is  estimated  at 
733  billion  vehicle-miles,  a  2-percent  increase 
over  1960,  based  on  information  for  the  first 
10  months  of  the  year. 

The  proportions  of  travel  by  road  system 
and  by  vehicle  type  changed  little  from  1959 
to  1960.  Of  the  1960  travel,  40  percent  was 
on  main  rural  roads,  which  comprise  14  per- 
cent of  the  Nation's  total  of  3.5  million  miles 
of  roads  and  streets.  Another  46  percent  of 
the  travel  was  on  urban  streets,  which  com- 
prise only  11  percent  of  the  total  mileage. 
Local  rural  roads,  which  make  up  75  percent 
of  the  total  mileage,  carried  only  14  percent 
of  the  travel. 

Passenger  cars  represented  84  percent  of  the 
vehicles  and  accounted  for  82  percent  of  the 
travel  in  1960;  trucks  and  truck  combinations 
represented  16  percent  of  the  vehicles  and 
accounted  for  17  percent  of  the  travel;  buses 


accounted  for  less  than  1  percent  of  both  the 
vehicles  and  the  travel. 

Average  vehicle  performance  in  1960  dif- 
fered very  little  from  that  reported  in  1959. 
The  average  motor  vehicle  traveled  9,652  miles 
in  1960,  almost  half  of  it  in  cities,  and  con- 
sumed 777  gallons  of  fuel  at  a  rate  of  12.42 
miles  per  gallon.  The  average  passenger  car 
traveled  9,446  miles  and  consumed  661  gallons 


of  fuel,  at  a  rate  of  14.28  miles  per  gallon.  A 
slight  decrease  from  1959  appeared  in  average 
annual  mileage  traveled  and  fuel  consumed 
by  commercial  buses,  while  trucks  showed  a 
modest  increase  in  both  average  annual  miles 
traveled  and  fuel  consumed. 

The  travel  and  related  information  for  1960 
is  shown  in  table  1  by  road  system  and 
vehicle  type. 


Table  1. — Estimated  motor-vehicle  travel  in  the  United  Statesand  related  data  for  calendar 

year  1960  ' 


Vehicle  i  ype 

Mnt or- vehicle  travel 

Num- 
ber of 
vehicles 
regis- 
tered 

A  ver- 

age 
travel 

per 
vehicle 

\l<ii(»r-fuel 
consumption 

Average 
1  ravel 
per  gal- 
lon i>I 
fuel  con- 
sumed 

Mam 
rural 
road 
travel 

Local 
rural 
road 
travel 

Total 
rural 
travel 

l  rrban 
travel 

Total 

travel 

Total 

Aver- 
age 
per 
vehicle 

Passenger  cars  2_  _.  .. 

Buses: 

Commercial __  _ 

School  and  nonre venue . 

Million 
vehicle- 
miles 

225,  755 

869 

597 

1,466 

227,221 

61,262 

288.  483 

Million 
vehicle- 
miles 

77,  528 

154 
635 

789 

78,  317 

20,  460 

98,  777 

Million 
vehicle- 
miles 
303, 283 

1,023 

1.232 

2,255 

305,  538 

SI, 722 
3S7.  200 

Million 

veh icle- 

miles 

284.  800 

1,849 

249 

2.  098 

286  898 

44,  687 
331,  585 

Million 

it  hicU  - 

miles 

588, 083 

2,872 

1.  181 

4.  353 

592,  436 

126,  109 
718,845 

Thou- 
sands 

62,  258 

76 

196 

272 

62,  530 

11.045 
74,  475 

Afiles 
9,  1 16 

37,  789 
7,  550 

16.004 
9,  174 

10,  583 

9,  052 

Mil- 
lion 

i/itl/nils 

41,  169 

618 

209 

827 

41,996 

15,  SS2 
57.  S7S 

Gal- 
lons 
661 

8,132 

1,066 

3,  040 

672 

1.330 

777 

Miles 
gal. 

14.28 

4.  05 
7.09 
5.26 
14.  11 

7.96 
12.42 

All  passenger  vehicles 

Trucks     and     combina- 

i  Estimated  Travel  In/  Motor  Vehicles  in  1959,  by  Alexander 
French,  Public  Roads,  vol.  31,  No.  7,  Apr.  1961,  p.  158. 


1  For  the  50  States  and  District  of  Columbia. 

2  Includes  taxis;  also  motorcycles  (575,497  registered). 


A  Preliminary  Evaluation  of  Color  Aerial  Photography  for  Use  in  Materials  Surveys 


the  spring  or  summer  because  of  the  lower  sun 
angle.  These  shadows  are  particularly  ap- 
parent in  photographs  taken  in  high  latitudes. 
The  intensity  and  wavelengths  of  sunlight 
also  vary  with  the  time  of  day  as  well  as  with 
the  latitude.  To  obtain  proper  color  balance 
and  minimize  shadows,  aerial  photographs 
should  be  taken  as  close  as  possible  to  the  peak 
of  the  solar  altitude. 
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BY  THE  TRAFFIC  OPERATIONS  RESEARCH  DIJISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  >  by  LAWRENCE  D.   POWERS 
Highway  Research  Engineer 


The  study  reported  in  this  arlicle  was  undertaken  to  focus  attention  on  the 
possible  need  for  more  adequate  signing  on  highway  through  routes  located  in 
urban  areas.  While  major  through  highways  are  often  expressways  or  bypasses 
near  large  cities,  secondary  marked  routes  are  expected  to  be  continued  through 
smaller  towns  and  suburban  communities.  Although  emphasis  has  been  con- 
centrated recently  on  directional  signing  and  marking  of  routes  on  high-speed 
facilities,  it  teas  believed  that  more  adequate  traffic  guidance  should  be  prodded 
on  marked  routes  over  urban  streets. 

In  urban  areas  numerous  intersections,  complex  traffic  patterns,  competing 
signs,  and  varied  backgrounds  were  thought  to  be  confusing  to  drivers  on  a 
through  route,  particularly  to  those  unfamiliar  with  the  route  and,  perhaps, 
traveling  over  it  for  the  first  time.  This  study  showed  that  a  definite  benefit 
was  obtained  from  the  presence  of  one  advance  route-turn  marker  but  that  a 
second  advance-turn   marker  seemed  to  be  of  little  added  value. 

Additional  observations  ivere  made  by  a  group  of  junior  engineers  concerning 
the  study,  its  results,  and  other  factors  related  to  the  ejf'ectivetiess  of  the  use 
of  advance-turn  markers. 


M 


Introduction 

ANY  CITIES  without  facilities  for  by- 
passing through  traffic  or  carrying  it  on 
freeway-type  facilities  must  rely  on  the  urban 
street  system  to  carry  marked  routes.  Even 
where  major  through  routes  in  cities  are 
carried  on  expressways  or  bypasses,  secondary 
marked  routes  probably  will  continue  to  be 
carried  through  smaller  towns  and  suburban 
communities.  It  has  come  to  be  recognized 
that  more  and  more  attention  needs  to  be 
given  to  the  advance  warning  of  changes  in 
the  direction  of  a  route  and  the  guidance  of 
traffic;  most  of  the  emphasis  heretofore  has 
been  on  traffic  guidance  for  high-speed  facili- 
ties. The  need  for  adequate  advance  signing 
is  gaining  in  recognition  as  being  of  equal 
importance  in  urbanized  areas,  where  drivers 
are  faced  with  conditions  of  numerous  inter- 
sections, marginal  conflicts,  complex  traffic 
patterns,  and  many  competing  signs  and 
confusing  backgrounds. 

Consider  the  following  situations:  An  imag- 
inary turn  on  a  fictitious  route,  in  an  imagi- 
nary city,  is  marked  by  :i  single  directional 
marker  at  the  intersection. 

A  driver  aware  of  the  impending  turn  in  the 
route,  perhaps  because  he  has  driven  over  it 
and  has  become  familiar  with  it,  may  drive 
along  in  confidence,  get  into  the  proper  lane 
in  advance  of  the  turn,  signal  for  his  turn,  and 

i  Presented  at  the  41st  annual  meeting  ol  the  Highway 
Research  Board,   Washington,   D.C.,  January  1962. 
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generally  proceed  along  the  route  as  though  it 
were  not  marked  at  all. 

Another  driver,  who  may  have  driven  over 
the  route  previously  but  is  not  familiar  with  it, 
perhaps,  may  remember  that  he  is  in  the 
vicinity  of  a  turn  but  may  not  be  sure  of  its 
exact  location.  Consequently,  he  may  tend 
to  drive  more  slowly  to  avoid  overshooting 
the  turn,  and  he  may  pay  less  attention  to 
traffic  conditions  because  he  is  searching  for 
the  turn  marker. 

Yet  another  driver,  traveling  over  the  route 
for  the  first  time,  must  rely  on  route  markers 
and  therefore  divide  his  attention  between 
driving  and  searching  for  such  markers. 
When  he  arrives  at  the  turn  a»d  sees  the 
directional  marker,  he  may  not  have  enough 
time  or  maneuvering  distance  to  make  the 
turn  safely. 

Suppose  that  to  assist  the  driver  unfamiliar 
with  a  route,  a  marker  is  placed  in  advance  of 
the  intersection  to  warn  him  that  the  route 
is  going  to  turn.  He  will  be  informed  of  the 
impending  turn  and  have  time  to  decelerate 
safely  and  to  prepare  for  the  maneuver.  How- 
ever, many  distracting  backgrounds  and 
competing  signs  in  urban  areas  may  pose  a 
problem.  Suppose  that  the  driver  misses 
seeing  the  advance  marker  because  his  atten- 
tion is  diverted  by  traffic  or  because  the  mark- 
er is  obscured  by  large  vehicles.  Perhaps,  as 
insurance,  another  advance-turn  marker  should 
be  placed  in  advance  of  the  first  one.  In  an 
attempt  to  determine  what  justification  might 


be  found  for  a  second  advance-turn  marker, 
or  even  for  one,  a  controlled  study  was  made 
of  the  effect  of  the  presence  and  number 
of  advance-turn  markers  on  the  ability  of 
drivers  to  negotiate  a  route  in  an  urban  area. 

Conclusions 

As  a  result  of  this  study,  it  has  been  con- 
cluded that  a  need  exists  for  at  least  one 
advance-turn  marker  placed  ahead  of  the 
intersections  in  urban  areas  where  a  route 
turns.  The  use  of  a  single  directional  marker 
at  the  intersection  does  not  permit  enough 
time  for  the  drivers'  responses,  and  thereby 
may  create  confusion,  congestion,  and  possible 
traffic  hazards. 

Little  evidence  was  obtained  from  this 
study  to  establish  the  general  value  of  a 
second  advance-turn  marker.  How-ever,  the 
second  marker  may  have  some  value  where 
alinement  of  route  or  large  vehicles  may 
obstruct  a  driver's  view,  and/or  where  heavy 
traffic  or  other  distractions  may  prevent  a 
driver  from  seeing  only  one  advance  marker. 
Some  slight  evidence  was  obtained  from  the 
analysis  of  the  turn  signal  data  to  indicate 
that  the  use  of  two  advance-turn  markers 
also  may  be  advantageous  in  areas  where  a 
long  distance  exists  between  successive  turns. 

Study  Site 

The  route  used  for  this  study  of  the  effec- 
tiveness of  advance-turn  markers  was  a  fic- 
titious route,  with  many  turns,  through  the 
downtown  area  of  Washington,  D.C.  The 
number  of  advance-turn  markers  was  varied 
for  each  intersection  on  the  test  route,  which 
was  approximately  4  miles  in  length  and  had 
12  turns.  Intersections  for  turns  were  selected 
according  to  the  following  listed  criteria: 
(1)  a  minimum  block  length  of  400  feet 
in  advance  of  an  intersection;  (2)  signal 
control;2  (3)  absence  of  islands  or  channel- 
ized movements;  (4)  four  legs  at  right  angles; 
and  (5)  at  least  two  moving  lanes  on  the  inter- 
section approach.  Of  the  12  turns  used  in  I 
the  study,  6  were  to  the  right  and  6  were  to 
the  left.  For  each  direction  of  turn,  three 
intersections  were  a  short  distance  from  the 
preceding  turn,  one  to  three  blocks,  and  the 
other  three  were  a  longer  distance  away,  more 
than  three  blocks.     See  figure  1. 

2  It  would  have  been  more  desirable  to  have  had  all  the 
intersections  without  signals;  however,  this  was  impossible 
in  the  downtown  area.  Therefore,  to  have  all  intersections 
as  much  alike  as  possible  for  this  study,  all  those  used  had 
signal  controls. 
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Figure  1. — Map  of  area  in  Washington,  D.C.,  showing  route  for  test  with  advance-turn  markers. 


A  directional  assembly  with  a  horizontal 
arrow  was  mounted  on  the  far  right  corner  of 
each  intersection  where  the  route  turned.  The 
design  of  the  route  marker  was  chosen  to  con- 
form to  the  standards  in  the  Manual  on  Uni- 
form Traffic  Control  Devices  for  Streets  and 
Highways,  1961.  The  route  marker  consisted 
of  a  16-inch  white  circle  on  an  18-inch  black 
square  (fig.  2),  with  the  designation  00  in 
9-inch  Series  C  numerals  centered  in  the 
circle.3  Appropriate  marker  assemblies  were 
made  up  of  this  route  marker  and  an  appropri- 
ate arrow.  The  arrow  plates  were  13  inches 
by  10  inches,  the  standard  size  included  in  the 
previous  issue  of  the  Manual.  White,  nonre- 
fiectorized  cardboard  was  used  for  these 
markers. 

The  number  of  advance-turn  markers — 
none,  one,  or  two — was  varied  at  each  inter- 
section on  each  of  the  three  test  days.  A 
balanced  design  was  selected  so  that  each  test 
driver  saw  each  marker  combination  twice  for 
each  direction  of  turn.  The  number  of  long 
and  short  turns  unfortunately  was  not 
balanced  with  the  marker  combinations  seen 
by  each  driver. 


All  markers  were  placed  on  the  right-hand 
side  of  the  street  with  a  distance  of  approxi- 
mately 150  feet  between  all  markers  for  any 


'  The  markers  were  prepared  by  the  District  of  Columbia 
Department  of  Highways  and  Traffic. 
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Figure  2. — Advance-turn    marker  assembly 
used  for  the  study. 


one  intersection.  For  ease  of  mounting,  the 
markers  were  placed  on  light  poles,  signal 
poles,  existing  signposts,  trees,  or  portable 
stanchions.  The  height  of  the  signs  varied 
from  7  to  11  feet  from  the  sidewalk.  The 
higher  limit  was  sometimes  used  to  avoid 
other  signs,  signals,  parked  and  moving  vehi- 
cles, and  other  obstructions. 

Procedure 

The  53  test  drivers  used  in  this  study  were 
all  graduate  engineers  who  had  been  working 
for  the  Bureau  of  Public  Roads  for  from  6 
months  to  3  years.  The  drivers  were  divided 
into  three  groups — two  with  18,  and  one  with 
17 — -and  each  group  was  used  for  one  day. 
To  avoid  any  emphasis  on  the  route  or  the 
markers,  the  test  drivers  were  told  that  the 
aim  of  the  study  was  to  observe  driver  charac- 
teristics in  a  downtown  environment,  and 
that  all  53  of  them  would  drive  the  same 
course  so  that  a  consistent  basis  for  comparison 
would  be  provided. 

The  drivers  were  told  that  the  observer  in 
the  car  would  not  give  directions  and  that  they 
were  to  follow  the  marked-out  course.  They 
were  also  instructed  to  drive  in  a  normal 
manner  and  to  obey  all  traffic  laws,  such  as 
signaling  for  turns,  turning  from  the  proper 
lane,  and  obeying  speed  limits. 
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Test  runs  were  made  between  the  hours  of 
noon  and  3  p.m.,  and  each  subject  drove  the 
course  once.  To  prevent  the  test  drivers 
from  overtaking  each  other,  they  were  started 
at  5-minute  intervals.  An  observer  in  each 
car  recorded  information  as  follows:  Estimates 
in  car-lengths  of  the  distance  from  each  turn 
at  which  the  driver  entered  the  proper  turning 
lane  and  at  which  the  proper  turn  signal  was 
given,  any  errors  made,  and  any  additional 
information  deemed  necessary  by  the  observer. 
For  the  purpose  of  this  study,  missed  turns 
and  correct  turns  that  created  hazardous  con- 
ditions were  considered  to  be  errors.  Any 
distances  estimated  as  being  longer  than  15 
car-lengths,  approximately  300  feet,  were 
recorded  as  15  car-lengths.  When  a  driver 
missed  a  turn,  he  was  directed  to  the  point  on 
the  route  at  which  he  would  have  been  had 
he  made  the  proper  turn,  from  which  point 
he  continued  on  the  test  route. 

Effectiveness  of  Advance-Turn 
Markers 

Errors 

The  desired  situation  is  one  in  which  the 
driver  makes  the  correct  turn  without  creating 
a  hazard.  Therefore,  errors,  consisting  of 
missed  turns  or  correct  turns  that  created 
hazardous  conditions  during  this  test,  were 
considered  one  measure  of  the  effectiveness  of 
the  advance-turn  markers.  Without  advance- 
turn  markers  and  with  only  a  directional 
marker  at  the  intersection,  the  test  drivers 
made  19  errors,  9  percent  of  the  possible  212 
turns  for  this  condition,  as  shown  in  table 
1.  For  all  practical  purposes,  the  drivers  made 
no  errors  when  advance-turn  markers  were 
used.  One  error  was  made  when  two  advance- 
turn  markers  were  in  place;  however,  this 
error    was   attributed   to    extraneous   factors. 


USE  OF  TURN  SIGNALS 


SHORT 


LONG 


TOTAL 


0,  I,  2:  NUMBER  OF  ADVANCE  TURN  MARKERS 
SHORT:  I  TO  3  BLOCKS  FROM  PRECEDING  TURN 
LONG:  MORE  THAN  3  BLOCKS  FROM  PRECEDING  TURN 

Figure  3. — Chart  showing  effects  of  advance  route-turn  markers  on  use  of  turn  signals. 


Table  1.  —Errors  in  following  route 


Number  of 

advance-turn 

markers 

Possible 

number  of 

turns 

Errors 

0 

1 
2 

212 
212 
212 

Number 
19 
0 
1 

Percent 
9.0 
0.0 
0.4 

Table  2. — Average  distance  from  intersec- 
tion at  which  subject  was  in  proper  lane 
for  turn 


Average  distance  from  intersec- 
tion per  number  of  advance- 
turn  markers— 

0 

1 

2 

Tvpe  of  turn: 

Short  left 

Short  right..     .. 

Long  led 

All  left 

(  'aT-Xt  mil  lis. 

5.  I'. 
7.0 

(',.  6 
li.  5 

6  i 

6.  :i 

ti.  c, 

6.  i 

Car-lengths 

7.4 
9.0 

119 
8.6 

9.6 
8.8 

8.2 
10.2 

9.1 

Car-lenqthx 
9.1 
10.0 

11.7 

8.4 

10.4 
9.  1 

9.5 
10.0 

9.7 

All  right 

All  short-- 

All  long   ...   .. 

Average  for  all 
turns 

14 


A  chi-square  test  performed  on  the  frequencies 
of  errors  for  this  study  indicated  that  there 
was  less  than  one  chance  in  a  thousand  that 
such  a  disproportionate  number  of  errors 
could  have  been  made  by  chance. 

Fourteen  of  the  19  errors  were  made  at  left 
turns;  9  of  these  14  were  made  at  the  same 


intersection,  where  a  combination  of  topog- 
raphy and  traffic  density  were  deemed  re- 
sponsible for  the  high  number  of  errors.  As 
a  total  of  18  drivers  encountered  this  inter- 
section when  there  w?ere  no  advance-turn 
markers,  these  9  errors  represent  a  50-percent ! 
error  occurrence. 


Table  3. — Summary  and  analysis  of  variance  for  variables  indicated 


Source 

1  i,  ••1,'. ■■ 
Of 

freedom 

Distance  in  proper  lane 

Distance 

at  which  t 
given 

jrn  signal 

Sum  of 
squares 

Mean 
square 

Fi 

Sum  of 
squares 

Mean 
square 

Fi 

Number  of  advance-turn  markers 

2 

1 

52 

2 

104 
52 

104 
318 
035 

1,302 

32 

2.449 

106 

1,666 

925 

1,742 
6,331 
14, 553 

051 
32 

47 

53 

16 
18 

17 
20 

3  32.6 
1.6 

2  2.4 

2.7 

0.8 
0.9 

0.9 

833 

78 
3,963 

75 

1,073 

406 

790 
3,466 
10, 684 

417 

78 
76 

38 

10 
8 

8 
11 

2  37.  9 

2  7.1 

>6.9 

3  3.5 

0.9 
0.7 

0.7 

Direction  of  turn 

Subjects 

Number    of    advance-turn    markers    by 
direction  of  turn 

Number    of    advance-turn    markers    by 
subjects 

Direction  of  turn  bysubjects..     __ 

Number  of  advance-turn  markers  by  direc- 
tion of  turn  by  subjects..   

Error  variance 

Total  variance. 

1  F  represents  the  ratio  of  the  mean  squares. 

2  Significant  at  0.01  level. 

3  Significant  at  0.05  level. 
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'roper  lane  and  use  of  turn  signals 

The  distance  from  the  turn  at  which  the 
Iriver  entered  the  proper  lane  to  make  the 
■urn  was  considered  one  measure  of  the  effec- 
iveness  of  the  advance-turn  markers.  A 
hird  measure  of  effectiveness,  and  also  of  the 
Iriver's  awareness  of  the  presence  and  direc- 
,ion  of  the  turn,  was  assumed  to  be  the  dis- 
ance  from  the  turn  at  which  he  displayed  the 
>roper  turn  signal.  These  distances  were 
stimated  by  the  observer  to  the  nearest  car- 
ength.  All  subsequent  data  analysis  was 
arried  out  in  terms  of  car-lengths. 

For  convenience  in  the  field,  distances 
;reater  than  15  car-lengths  were  recorded  as 
5.  For  distances  in  the  proper  lane,  values 
)f  15  averaged  11  percent  with  no  advance 
narkers,  25  percent  with  one  advance  marker, 
md  33  percent  with  two  advance  markers, 
'or  turn  signals,  the  respective  figures  were 
.  percent,  8  percent,  and  9  percent.  Because 
nany  of  the  distances  recorded  as  15  may 
ctually  represent  greater  distances,  and 
>ecause  they  represent  a  substantial  percent- 
age of  the  field  entries  for  the  lane  data,  the 
verage  distances  and  the  variability  of  the 
listribution  of  lane  distances  are  probably 
ligher  than  were  computed.  The  data  on 
ane  distances  related  to  the  number  of  ad- 
ance  markers  are  shown  in  table  2.  The 
lata  have  been  analyzed  as  to  whether  the 
urn  was  to  the  right  or  to  the  left  and  as  to 
whether  the  distance  from  the  preceding  turn 
v&s  long  or  short.  The  same  type  of  analysis 
vas  made  for  the  data  on  average  distance 
rom  the  intersection  at  which  the  proper  turn 
ignal  was  given;  these  data  are  shown  in 
gure  3. 

In  almost  every  case  there  appears  to  have 
>een  some  benefit  from  the  use  of  an  advance- 
urn  marker.  When  distance  in  the  proper 
me  is  the  criterion,  for  both  right  and  left 
urns,  some  additional  benefit  may  have  been 
erived  from  two  advance  markers  where  the 
urn  was  a  short  distance  from  the  preceding 
urn;  one  advance-turn  marker  seems  to  have 
'een  sufficient  for  long  turns.  When  turn 
ignal  distances  are  analyzed,  however,  the 
ituation  was  just  the  opposite.  For  both 
ight  and  left  turns,  no  additional  benefit  was 
een  for  short  turns  whereas  there  appeared  to 
ave  been  some  for  long  turns. 

Analysis  of  Variance 

In  order  to  further  isolate  the  factors 
ifluencing  the  effectiveness  of  the  route 
aarker  installations,  an  analysis  of  variance 
ras  performed  on  each  of  the  major  dependent 
ariables  (table  3) .  For  the  variable,  distance 
a  proper  lane,  the  number  of  advance-turn 
larkers  was  a  significant  factor  but  the  direc- 
ion  of  the  turn  did  not  seem  to  have  an 
ppreciable  effect.  A  high  variability  was 
oted  in  magnitude  of  response  among 
ubjects.  However,  all  the  interaction  terms 
wolving  subjects  were  not  statistically 
ignificant;  therefore,  it  is  concluded  that  the 
elative  response  between  conditions  with 
ifferent  numbers  of  advance  markers  was 
ot  significantly  different  from  one  subject  to 
nother.     It    is    believed    that    the    possible 
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Figure  4. — Illustration  of  how  trucks  may 
prevent  a  driver  from  seeing  an  advance 
route-turn  marker. 

higher  actual  variability  resulting  from  the 
15-car-length  cutoff  would  not  have  affected 
these  results. 

For  the  variable,  proper  turn  signal,  the 
number  of  advance-turn  markers  was  also  a 
significant  factor  in  difference  of  response. 
In  this  case,  however,  the  direction  of  turn 
does  seem  to  have  made  a  difference,  possibly 
because  drivers  are  more  likely  to  signal  for  a 
left  turn,  which  involves  a  greater  probability 
of  conflict,  than  for  a  right  turn.  This  is 
reflected  by  the  data  in  figure  3.  In  addition, 
since  the  interaction  of  the  number  of  advance 
markers  with  the  direction  of  the  turn  leads 
to  statistical  significance,  it  is  concluded  that 
certain  combinations  of  the  number  of  advance 
markers  and  the  direction  of  the  turn  result 
in  different  effects.  As  in  the  case  of  the  lane 
data,  there  was  a  high  variability  in  the  magni- 
tude of  response  among  subjects.  Again, 
since  all  the  interaction  terms  involving  sub- 
jects were  not  statistically  significant,  it  is 
concluded  that  the  relative  response  to  the 
different  numbers  of  advance-turn  markers 
was  not  significantly  different  from  one  subject 
to    another.     Combining    the    nonsignificant 


interaction  terms  with  the  error  term  and 
recomputing  the  ratios  of  the  mean  squares 
did  not  affect  the  results. 

Discussion 

It  might  be  argued  that  the  test  subjects 
were  not  typical  of  the  average  driver.  It  is 
believed  that  their  experience  in  the  field  of 
highway  and  traffic  engineering  would  tend  to 
result  in  somewhat  higher  performance  in 
the  study.  However,  this  study  was  con- 
cerned with  the  relative  effects  of  various 
numbers  of  advance-turn  markers,  and  it  is 
believed  that  such  relative  effects  would  be 
reflected  in  the  performance  of  this  group. 
Perhaps  the  observed  effects  would  have  been 
more  pronounced  with  more  typical  subjects. 

The  number  of  errors  that  occurred  was 
lower  than  had  been  expected.  The  reasons 
for  this  small  number  of  errors  are  subject  to 
conjecture  but  three  factors  are  believed  to 
have  been  responsible.  One  has  already  been 
mentioned:  the  subjects  were  all  graduate 
engineers  and,  possibly,  more  alert  and  more 
aware  than  average  drivers.  Another  factor 
was  related  to  the  target  value  of  the  sign; 
this  will  be  discussed  later.  Finally,  it  should 
be  noted  that  the  directional  markers  at  the 
intersections  were  always  mounted  on  the  far 
right  corner,  which  is  also  a  location  for  traffic 
signals  in  the  District  of  Columbia.  For  con- 
venience, these  turn  markers  were  often 
mounted  on  the  signal  poles,  usually  very 
close  to  the  signal.  It  is  presumed  that  most, 
if  not  all,  drivers  were  looking  for  the  signal 
and  therefore  had  more  of  a  chance  to  see  the 
marker.  Those  stopped  for  the  traffic  signal 
also  had  much  more  time  to  see  it.  However, 
the  chances  for  being  stopped  for  a  traffic  sig- 
nal Were  the  same  for  all  drivers,  regardless  of 
the  number  of  advance  markers.  Therefore, 
the  fact  that  almost  all  the  errors  were  made 
when    there    were   no   advance-turn    markers 


Figure  5. — An  intersection  where  the  test  route  turned  left  is  just  beyond  the 
stanchion  in  the  center  of  the  street.  When  no  advance-turn  markers  were 
present,  50  percent  of  the  test  drivers  missed  this  turn. 
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indicates  that  the  presence  of  an  advance- 
turn  marker  was  beneficial  in  reducing  errors. 
As  was  mil  I'd  previously,  any  distance  of 
more  than  15  car-lengths  was  reported  as  15. 
Consequently,  the  average  distances  for  the 
condition  where  one  or  two  advance-turn 
markers  were  present  were  very  likely  higher 
than  those  calculated  because  many  of  them 
were  recorded  as  15  car-lengths.  Other  fac- 
tors that  might  have  affected  the  test  results 
are:  the  subjects  were  not  specifically  told  the 
purpose  of  the  study,  and  they  did  not  receive 
instructions  to  relate  the  proper  lane  and  the 
use  of  the  turn  signal  to  their  knowledge  of  the 
impending  turn.  They  might  have  been  in 
the  proper  lane  by  chance.  Conversely,  they 
might  have  activated  their  turn  signals  when 
close  to  the  intersection  even  though  the  mark- 
ers had  been  seen  further  back.  However,  it 
is  believed  that  the  net  result  of  these  factors 
tended  to  minimize  the  observed  differences. 

FIELD  CREW  OBSERVATIONS 


Figure  6. — Illustration  of  how  well  the  white  route  marker  on  a  black  square 
shows  up  against  both  dark  and  light  backgrounds. 


The  field  crew  4  made  additional  observa- 
tions concerning  the  study  and  its  results. 
At  several  intersections  topography,  aline- 
ment,  or  physical  obstructions,  such  as  tran- 
sit buses  or  trucks,  obscured  to  some  extent 
the  driver's  view  of  the  turn  markers.  Illus- 
tration of  how  parked  trucks  may  prevent  a 
driver's  seeing  one  advance  route-turn  marker 
is  shown  in  figure  4. 

Errors 

A  large  percentage  of  the  missed  turns 
came  from  one  intersection  in  the  heart  of 
the  downtown  area,  shown  in  figure  5.  The 
block  on  the  approach  to  the  intersection 
was  on  a  downgrade,  whereas  the  intersection 
itself  and  the  preceding  one  were  level. 
Neither  the  intersection  nor  the  directional 
marker  could  be  seen  until  the  driver  had 
passed  through  the  preceding  intersection. 
While  he  was  on  the  downgrade,  the  directional 
marker,  mounted  on  the  far  side  of  the  level 
intersection,  was  not  in  his  direct  line  of  sight. 
Because  he  was  not  aware  of  the  impending 
left  turn  until  he  was  close  to  the  intersec- 
tion, the  heavy  traffic  often  prevented  the 
driver  from  getting  into  the  proper  turn  lane. 

Where  no  advance-turn  markers  were 
posted,  drivers  repeatedly  had  near-misses 
because  they  were  positioned  in  the  wrong 
lane.  The  driver  often  held  up  traffic  near 
or  at  the  intersection  in  an  attempt  to  position 
himself  in  the  correct  turning  lane.  This 
situation  was  considered  by  the  observer  to 
be  an  error  if  the  turn  created  a  hazardous 
condition. 

When  the  density  of  traffic  was  low  on 
one-way  streets,  the  driver  frequently  had 
no  realization  that  the  street  was  one-way. 
Consequently,  on  left  turns  the  driver  would 


•  The  field  crev  included  i  group  of  men  who,  during  then 
period  of  training  as  Junior  Engineers  in  the  Washington  of- 
fice of  the  Bureau  of  Public  Roads,  conducted  the  fieldwork, 
performed  the  preliminary  data  analysis,  ami  submitted  a 
preliminary  report:  David  M.  Ham,  Thomas  E.  Knisely, 
Gardnei  M  Rice,  George  A.  Rodes,  ui.i-it  E.  Stone,  and 
John  K.  Wehster. 
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often  signal  and  turn  from  the  wrong  lane. 
For  purposes  of  analysis,  this  was  not  treated 
as  an  error  because  no  actual  hazard  was 
created;  however,  these  subjects  were  not 
credited  with  being  in  the  proper  lane. 

Design  of  Marker  and  Arrows 

One  possible  reason  for  the  low  number  of 
errors  was  the  high  target  value  of  the  design 
used  for  the  route  markers.  Observation 
in  the  field  showed  that  the  white  circle  on 
black  square  design,  based  on  the  new  stand- 
ards in  the  Manual  on  Uniform  Traffic  Con- 
trol Devices  for  Streets  and  Highways,  1961, 
was  visible  at  a  much  greater  distance  than 
had  been  expected,  and  long  before  the  numer- 
als were  legible.  It  easily  could  be  picked 
out  from  the  array  of  other  signs  visible 
along  a  street  (fig.  6). 

For  the  directional  markers  at  the  inter- 
section, it  was  difficult  to  determine  in  which 


direction  the  horizontal  arrow  was  pointing 
except  at  relatively  short  distances  awaj 
from  it  (fig.  7).  The  direction  in  which  th< 
advance-turn  arrow  was  pointing  could  b< 
determined  at  a  somewhat  greater  distanci 
because  the  position  of  the  vertical  part  o 
the  shaft  gave  a  clue  to  its  orientation.  I 
would  seem,  therefore,  that  the  old  13-incl 
by  10-inch  arrows  are  inadequate,  even  fo 
low-speed  urban  usage. 

It  was  observed  that  some  of  the  tes 
drivers  were  not  aware  of  any  difference  ii 
meaning  between  the  bent  advance-tun 
arrow  and  the  horizontal  directional  arrow. 
This  was  particularly  evident  in  situation 
where  two  advance-turn  markers  were  use< 
and,  because  of  a  short  block,  the  first  marke 
had  necessarily  been  placed  close  to  the  pre 
ceding  intersection.  Some  drivers,  unawar 
of  the  difference  in  the  arrows,  became  con 
fused   and   almost   turned   a  block  too   soon 
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Figure  7. — Note  the  differences  in  legibility  of  the  route  marker,  numerals, 
and  arrow  when  this  photograph  is  viewed  close  up  or  at  arm's  length. 
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Findings  from  an  experimental  study  on  the  use  of  color  aerial  photography 
for  locating  and  determining  the  types  of  materials  available  for  highway  con- 
struction are  included  iti  this  article.  As  a  result  of  the  impetus  of  an  expanded 
highway  construction  program,  significant  problems  confront  location,  design, 
and  materials  engineers.  The  introduction  of  new  techniques  and  modern 
methods  in  highway  location  and  design  have  made  many  conventional  methods 
of  materials  investigation  obsolete.  Photogrammetry  and  related  procedures 
have  brought  a  new  concept  to  highway  location  and  design  by  transferring 
much  of  the  job  of  hightvay  location  from  the  field  to  the  engineering  office. 
The  opportunity  to  thoroughly  review  and  generally  classify  the  materials  along 
the  staked  centerline  of  the  highway,  as  afield  operation,  has  been  curtailed. 
The  lead  time  for  the  materials  engineer  to  obtain  and  test  samples  has  been 
reduced  to  a  point  where  the  required  reports  and  pertinent  laboratory  test 
data  sometimes  may  not  reach  the  design  engineer  in  time  for  his  full  use.  To 
relieve  this  situation,  new  methods  are  being  sought  for  preliminary  materials 
investigation. 

One  answer  to  the  problem  appears  to  be  color  aerial  photography.  Through 
this  medium,  the  materials  engineer,  like  the  location  and  design  engineer,  has 
been  able  to  bring  the  investigation  primarily  to  the  engineering  office.  Con- 
siderable progress  has  been  made  by  the  use  of  conventional  black-and-tvhite 
photographic  interpretation.  However,  the  relatively  feiv  tonal  shades  of  white 
to  black  sometimes  are  somewhat,  of  a  handicap:  Photographic  interpretation 
used  to  locate  materials  sources,  to  map  geologic  materials,  or  to  determine 
soil  and  ground  conditions  is  dependent  to  a  large  degree  on  color  variations. 
Thus,  use  of  color  aerial  photographs  will  enable  the  materials  engineer  to 
obtain  more  information  and  permit  him  to  do  his  tvork  more  efficiently  and 
reliably. 


Introduction 

A  LTHOUGH  black-and-white  aerial  photog- 
f"X  raphy  has  been  used  in  mapping  for  a 
lumber  of  years  by  Federal  and  State  govern- 
lent  organizations  and  by  private  groups, 
he  general  use  of  color  aerial  photography 
ias  been  somewhat  delayed.  This  article 
eports  on  an  evaluation  made  in  an  attempt 
o  determine  the  practicality  of  the  use  of 
olor  aerial  photography  for  materials  sur- 
'eys,  particularly  by  the  Bureau  of  Public 
loads  and  State  highway  departments. 

Black-and-white  aerial  photography  has 
>een  used  for  a  number  of  years  by  some  State 
dghway  departments  for  materials  surveys 
nd  inventories,  by  private  organizations  and 
ndividual    consultants    for   mapping   studies 


'  Presented  at  the  41st  annual  meeting  of  the  Highway 
tesearch  Board,  Washington,  D.C.,  January  1962. 

'  Much  of  the  information  for  this  article  was  provided  by 
tobert  L.  Schuster,  Associate  Professor  of  Civil  Engineering, 
fniversity  of  Colorado,  and  Robert  J.-Warren,  Highway 
'.ngineer,  Federal  Highway  Projects  Office,  Region  9,  Den- 
er,  Colo.,  U.S.  Bureau  of  Public  Roads. 

UBLIC  ROADS  •  Vol.  32,  No.  1 


and  explorations  for  construction  materials, 
and  by  the  Bureau  of  Public  Roads  for  mate- 
rials searches  in  Alaska  and  several  national 
forests  and  parks.  In  addition,  the  Bureau 
has  sponsored  projects  in  some  States  for  mate- 
rials surveys  and  exploration  by  aerial  photog- 
raphy. Black-and-white  aerial  photographs 
for  many  of  these  studies  may  be  obtained 
from  the  Federal  Government;  they  are 
generally  at  a  scale  of  1 :  20,000. 

The  delay  in  use  of  color  aerial  photography 
for  materials  surveys  has  resulted  primarily 
from  its  high  cost,  slow  film  speeds,  and  the 
poor  quality  of  color  reproduction.  However, 
some  U.S.  Government  agencies  have  been 
using  color  aerial  photography:  The  Geological 
Survey  of  the  Department  of  the  Interior  has 
used  colored  aerial  transparencies  for  some 
geological  mapping  and  mineral  exploration 
studies;  the  Coast  and  Geodetic  Survey  of  the 
Department  of  Commerce  has  used  them  for 
coastal  mapping;  the  Corps  of  Engineers, 
Department  of  the  Army,  and  other  military 
organizations  have  used  them  for  military 
intelligence    studies,     camouflage     detection, 


and  special  terrain  studies;  and  the  Depart- 
ment of  Agriculture  has  used  them  forjde- 
tection  of  diseased  crops  and  trees.  Private 
commercial  organizations  and  universities 
have  experimented  with  color  aerial  photog- 
raphy for  specialized  uses. 

In  1958,  the  Federal  Highway  Projects 
Office  of  Region  9,  the  Bureau  of  Public  Roads, 
contracted  to  have  some  experimental  color 
aerial  photographs  taken  in  Dinosaur  National 
Park  in  Colorado  and  Utah.  The  results  of 
this  experiment  were  so  promising  that  the 
possible  advantages  to  be  gained  from  using 
color  aerial  photography  for  soil  and  materials 
surveys  were  considered.  Consequently, 
various  other  projects  for  aerial  color  photog- 
raphy were  carried  out  in  Colorado,  New 
Mexico,  Utah,  and  Wyoming. 

Continuing  the  use  of  color  aerial  photog- 
raphy, the  Bureau  of  Public  Roads  in  1961 
entered  into  an  agreement  with  the  National 
ParkN  Service  for  the  Federal  Highway 
Projects  Office  of  Region  9  to  conduct  a 
comprehensive  inventory  of  construction  ma- 
terials along  the  major  highway  system  in 
Yellowstone  National  Park.  The  Park  Serv- 
ice provided  the  funds  for  this  work.  In 
addition  to  carrying  out  the  inventory,  the 
Bureau  of  Public  Roads  made  a  preliminary 
evaluation  of  color  photography  for  use  in 
materials  surveys.  Reconnaissance  mapping 
of  significant  geologic  units,  normally  of 
concern  in  preliminary  highway  location  and 
design,  and  aerial  photographic  interpretation 
of  special  ground  conditions  were  carried 
out  in  conjunction  with  this  materials  search. 
In  the  evaluation,  the  color  aerial  photographs 
previously  obtained  by  Region  9  in  Wyoming, 
Colorado,  Utah,  and  New  Mexico  were 
considered. 

Conclusions 

From  the  evaluation  made  in  this  study,  it 
is  concluded  that  good  quality  color  aerial 
photography  can  be  obtained  and  that  it  is  of 
value  in  searches  for  highway  construction 
materials.  Although  black-and-white  aerial 
photography  undoubtedly  will  continue  to  be 
used,  it  is  believed  that  materials  surveys 
can  be  completed  more  efficiently  and  reliably 
with  color  photography.  The  color  trans- 
parencies have  been  found  particularly  useful 
for  materials  surveys  as  they  generally  provide 
information  that  cannot  be  seen  on  black-and- 
white  photographs.     The  success  of  this  proj- 


17 


ect  and  the  experience  with  the  other  color 
photography  flights  in  Region  9,  for  which 
700  linear  miles  have  been  photographed  in 
color  sincr  L958,  have  prompted  plans  for 
250  linear  miles  of  color  aerial  photography 
during  1962. 

As  improvements  are  made  in  color  film, 
such  as  the  development  of  faster  emulsions 
with  greater  exposure  latitude  that  provide 
greater  contrast,  color  aerial  photography  is 
expected  to  become  more  useful  to  highway 
engineers  for  a  number  of  purposes.  Although 
this  invest  igat  inn  did  not  encompass  the  use  of 
color  for  engineering  soils  surveys,  the  casual 
observations  made  concerning  the  identifica- 
tion of  soil  differences  by  photographic 
interpretation  appears  to  be  encouraging. 
An  evaluation  of  color  photography  for  a 
broad  range  of  geologic  materials  and  variety 
of  soil  forming  conditions  is  needed  before 
color  photography  is  adopted  for  engineering 
surveys. 

It  also  is  believed  that  color  aerial  photog- 
raphy will  be  considered  for  use  in  photo- 
grammetric  mapping  when  the  technical 
difficulties  have  been  overcome  in  the  devel- 
opment of  a  stable  film  base  to  which  color 
emulsions  will  adhere. 

Procurement  of  Aerial  Photographs 

Although  the  Bureau  of  Public  Roads  had 
contracted  to  have  428  linear  miles  of  color 
photography  taken  in  Yellowstone  National 
Park  in  1961,  inclement  weather  and  difficulty 
encountered  in  obtaining  the  required  color 
film  prevented  completion  of  the  contract; 
only  300  miles  were  photographed.  It  is 
planned  to  photograph  the  remaining  mileage 
during  the  summer  of  1962.  The  color  aerial 
photographs  were  taken,  at  a  scale  of  1:6,000 
(1  inch  to  500  feet),  in  single  flight  strips  along 
the  major  road  system  in  the  park.  In 
addition,  several  segments  were  covered  by 
two  or  more  adjacent  flight  strips  with 
standard  sidelap,  to  furnish  adequate  coverage 
of  the  area.  A  number  of  side  flights,  mainly 
along  minor  rivers,  were  made  where  potential 
sources  of  materials  were  suspected.  Some 
oblique  photographs  were  taken  to  supple- 
ment the  vertical  photographs.  A  small 
segment  of  the  photography  flown  at  1:6,000 
was  flown  also  at  1:4,800  (1  inch  to  400  feet) 
to  permit  a  comparison  of  the  photographic 
detail.  Black-and-white  photographs  (pan- 
chromatic) at  a  scale  of  1:6,000  also  were 
taken  for  segments  totaling  100  miles.  This 
permitted  a  comparison  of  the  two  types  of 
photography. 

Use  of  Color  Transparencies 

The  use  of  color  aerial  photographs  for 
materials  surveys  may  take  considerable  time 
and  effort  in  the  office  and  the  field.  The 
time  and  effort  required  is  related  to  the 
training  of  the  personnel  interpreting  the 
photographs.  The  education,  training,  and 
experience  of  fche  color  aerial  photographic 
interpreter  is  significant.  A  background  in 
the  earth  sciences,  I  raining  and  experience  in 
aerial  photographic  interpretation,  and  a 
knowledge  of  highway  construction  materials, 
photogrammetry,    and    highway    engineering 


are     highly     desirable    requisites    for    aerial 
photographic  interpreters. 

Background  orientation 

The  procedure  of  using  color  aerial  photo- 
graphs for  a  materials  survey  is  similar  to 
that  used  with  black-and-white  photographs. 
For  this  project,  a  search  and  review  was 
made  of  published  geological  literature  perti- 
nent to  the  areas  to  be  studied:  literature 
such  as  geologic  maps,  bulletins,  folios,  and 
reports.  Information  on  known  sources  of 
construction  materials  was  obtained  from 
Bureau  of  Public  Roads  and  Park  Service 
engineers,  who  were  familiar  with  these  areas. 
Tli us,  as  much  background  information  as 
possible  was  obtained  before  the  initial  study 
of  the  aerial  photographs  was  undertaken. 
The  amount  of  information  available  and  its 
value  varied  for  different  areas.  Rather 
detailed,  recently  published  geologic  maps 
and  reports  were  available  for  some  areas 
and  only  old  generalized  reconnaissance-type 
geologic  maps  were  available  for  others. 
Background  orientation  of  this  nature  is 
considered  an  essential  part  of  a  materials 
investigation. 

Upon  completion  of  the  literature  review, 
a  rather  rapid  preliminary  examination  with 
a  mirror  stereoscope  was  made  of  the  trans- 
parencies for  the  flight  strips  4,500  feet  wide. 
From  this  initial  examination,  the  information 
obtained  from  the  literature  survey  was  cor- 
related with  the  aerial  photographic  patterns. 
Specific  geologic  features  and  landforms  were 
marked  on  the  appropriate  plastic  envelopes 
in  which  the  color  transparencies  had  been 
placed.  These  features  were  later  investi- 
gated in  the  field.  This  procedure  made  it 
possible  to  plan  and  more  efficiently  perform 
the  field  work. 

Ground  examination 

The  ground  examination  consisted  of 
examining  rock  outcrops,  geologic  materials 
in  highway  cuts,  and  river-cut  banks  that 
had  been  noted  from  the  aerial  photographs. 
Shallow  holes  were  dug  with  shovel  and  mat- 
tock; and  borings  were  made  with  a  hand 
auger  to  expose  materials  below  the  ground 
surface.  Materials  brought  to  the  surface 
as  a  result  of  animal  digging  also  were  ex- 
amined. Whenever  possible,  the  field  notes 
were  made  to  include  descriptions  of  soils 
and  rocks,  and  the  approximate  depths  at 
which  the  various  types  of  materials  were 
located.  Such  ground  examination  is  an 
essential  part  of  the  survey  and  its  importance 
cannot  be  overemphasized.  Reference  num- 
bers for  field  observations  were  placed  on  the 
envelopes  of  the  appropriate  aerial  trans- 
parency. Wherever  possible,  a  stereoscopic 
examination  of  the  color  transparencies  was 
made  in  the  field  with  a  portable  lightbox 
and  pocket-lens  stereoscope.  Color  and 
black-and-white  photographs  were  also  taken 
from  the  ground  during  the  field  investigation. 

Examination  of  transparencies 

After  the  preliminary  phase,  the  color  aerial 
photographs  were  examined  in  greater  detail. 
Units  such  as  granite,  glacial  till,  alluvial 
fans,   and  landslides  were  mapped  and  their 


boundaries  were  outlined  on  the  plastic 
envelopes  of  alternate  photographs  in  each 
flight  strip.  Appropriate  mapping  symbols 
were  developed  for  various  types  of  rock 
landforms,  and  ground  conditions.  Bound- 
aries or  areas  that  appeared  doubtful  from 
the  transparency  examinations  were  noted 
and  later  checked  in  the  field.  The  descrip- 
tions written  for  the  mapping  units  were 
included  as  a  part  of  the  preliminary  reporl 
written  for  each  segment  studied  during  this 
project.  Potential  materials  sources  were 
noted  and  sites  for  future  sampling  were 
marked  on  the  envelopes  of  the  photographs 
To  assure  coordination  of  procedure  with 
the  policy  and  planning  of  the  Park  Service 
the  transparencies  for  each  of  the  indicated 
sources  were  stereoscopically  examined  in 
the  office  by  a  Park  Service  official  before 
any  sampling  or  field  investigation  with 
mechanical  excavation  equipment  was  under- 
taken. All  the  approved  potential  source^ 
of  material  were  then  explored  with  a  trucki 
or  crawler-mounted  backhoe,  capable  oi 
excavating  to  a  depth  of  about  12  feet 
Representative  samples  were  taken  for  labora 
tory  testing.  A  brief  description  of  the 
materials  taken  from  the  test  pits  was  writ 
ten,  and  the  approximate  quantity  in  eacl 
potential  source  was  determined  by  the 
field  crew.  (Although  not  used  in  this  inves- 
tigation, electrical  resistivity  equipment  wil 
be  used  in  future  explorations  to  help  deter] 
mine  the  depths  and  quantities  of  materia 
in  various  deposits.)  Final  reports  on  th<| 
materials  investigations,  including  the  result^ 
of  laboratory  tests,  were  prepared  for  eacl 
individual  highway  segment  in  the  parlj 
included  in  the  project. 


Viewing  Equipment 


A  suitable  lighting  system  is  recjuired  fo 
proper  viewing  of  color  aerial  transparencie 
with  a  stereoscope.     Almost  any  type  of  : 
lightbox  can  be  used  but  a  source  of  balance^ 
light — one  that  provides  a  spectrum  compara| 
ble  to  that  of  sunlight — is  desirable.     A  com) 
bination  of  fluorescent  and  incandescent  lamj 
of  about  equal  wattage  will  provide  a  balance<| 
source  of  light.     Some  means  of  varying  tl 
intensity  of  the  light  is  also  desirable  becaus 
the   number    of    color    distinctions    that   th 
human  eye  can  make  varies  with  the  intensity 
of  light;  more  color  distinctions  can  be  mad] 
at  relatively  low  levels  of  illumination.     T 
prevent  hot  spots  and  provide  an  even  distri 
bution  of  light  throughout  the  transparencies 
a  light  diffuser  is  required.     Because  excessiv 
heat  causes  color  transparencies  to  curl  ami 
may  permanently  damage  them,  ventilatio 
holes  are  required;  and  it  is  desirable  to  hav 
a  small  air  blower  in  the  lightbox  to  dissipat 
the  heat  created  by  the  lamps. 

On  this  project,  a  small,  portable  homemad 
lightbox  was  used;  it  was  equipped  with  hue 
rescent  lights  and  could  be  operated  on  eithei 
115  volts  of  alternating  current  or  12  volts  oji 
direct  current.    With  this  viewer,  a  lens  sterd 
oscope  was  used  to  examine  transparencies  iii 
the  field.     A  larger,  less  portable  lightbox  wai  u 
used  in  the  office  for  viewing  with  a  mirrc 
stereoscope. 
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Protection  of  transparencies 

When  not  in  use,  the  color  transparencies 
iivere  stored  in  transparent  plastic  envelopes; 
innotations  were  made  on  these  envelopes 
With  a  grease  pencil.  The  envelopes  contain- 
ing the  transparencies  were  placed  in  three- 
"ing  notebooks,  which  provided  convenient 
storage  and  made  them  readily  available  for 
ise  in  the  field. 

Discussion 

The  findings  of  this  study  represent  the  re- 
mit of  only  one  summer's  work  in  which  color 
ierial  photographs  were  used  for  locating  ma- 
erial  sources  and  for  generalized  mapping, 
is  more  use  is  made  of  color  aerial  photogra- 
jhy,  undoubtedly  more  information  concern- 
ng  utilization  of  such  photographs  will  become 
ivailable.  Since  the  human  eye  is  capable  of 
iistinguishing  about  20,000  shades  and  hues 
!)f  color,  it  is  not  too  surprising  to  have  found 
,hat  color  photographs  have  many  advantages 
>ver  black-and-white  photographs  for  inter- 
pretation purposes.  The  use  of  black-and- 
vhite  aerial  photographs  requires  interpreta- 
ion  of  specific  ground  conditions,  soils  or 
geologic  materials,  in  terms  of  photographic 
ones.  The  number  of  tones  or  shades  of 
ray  that  can  be  differentiated  is  extremely 
mited;  many  different  types  of  soils  or  geo- 
bgic  materials  of  various  colors  may  be  re- 
ected  by  about  the  same  tonal  expression, 
t  should  be  remembered  that  neither  photo- 
graphic tones  nor  color  alone  are  used  in  the 
dentification  of  specific  materials  or  in  the 
letermination  of  ground  conditions.  In  some 
nstances,  the  type  of  landform,  gully,  or 
lrainage  pattern  may  be  the  basis  for  recogni- 
ion  rather  than  the  photographic  tone  or  color. 

Acceptable  Color  Photography 

When  color  aerial  photographs  are  used  for 
naterials  surveys,  relative  rather  than  abso- 
lute colors  are  of  primary  importance.  Thus, 
lightly  off-color  photographs  are  as  usable 
ts  those  showing  exact  or  nearly  exact 
ground  colors.  This  statement  should  not 
>e  misinterpreted  as  an  endorsement  for 
narginal  or  poor  quality  work.  Visually,  it 
B  only  possible  to  tell  whether  the  color 
bgistered  on  the  photograph  approximates 
pat  on  the  ground.  The  quality  of  the 
illumination  of  the  transparency  also  affects 
|he  visible  color,  although  the  true  colors 
pay  be  registered  on  the  film.  If  the  illumi- 
nation is  deficient  in  a  portion  of  the  visible 
Ight  spectrum,  then  the  colors  in  that  portion 
|f  the  spectrum  cannot  be  perceived. 
I  Requirements  as  to  endlap,  sidelap,  crab, 
jnd  tilt  are  not  as  stringent  for  acceptable 
olor  photographs  for  materials  surveys  as 
ihose  for  mapping  by  photogrammetric 
aethods.  In  general,  acceptable  color  pho- 
lography  must  have  good  definition  of  images 
ind  even  light  distribution,  must  be  free  of 
•louds,  and  must  have  the  proper  exposure 
;nd  color  balance.  Color  photography  that 
las  been  considerably  overexposed  or  under- 
ixposed,  discolored  in  processing,  or  is  off 
he  designated  flight  lines  should  be  rejected. 


Overexposed  color  photographs  have  a  washed- 
out  appearance — many  of  the  colors  do  not 
register  on  the  film.  Obtaining  properly 
exposed  photographs  becomes  a  particularly 
serious  problem  in  areas  with  little  or  no 
vegetative  cover  because  of  the  excessive 
reflection  of  light  and  the  fact  that  light 
meter  readings  are  not  always  reliable  in 
such  circumstances.  A  greater  percentage  of 
the  ground  colors  register  on  underexposed 
film  than  on  overexposed;  for  this  reason, 
slight  underexposure  is  more  desirable  than 
overexposure.  For  the  most  part,  the  color 
photographs  for  this  study  were  properly 
exposed,  and  the  colors  recorded  on  the  film 
compared  well  with  those  observed  on  the 
ground. 

Camera  and  films 

The  camera  used  for  this  project  was 
equipped  with  a  lens  having  a  6-inch  focal 
length  with  a  maximum  aperture  of  /  5.6. 
The  color  transparencies  from  such  a  camera 
are  9  by  9  inches  (23  by  23  centimeters). 
The  average  flight  height  above  ground  for 
1:6,000   photography   was   3,000   feet. 

The  color  film  used  for  this  project  had  an 
exposure  index  of  daylight-40.  This  is  a 
reversal  color  film  of  the  subtractive  type  that, 
when  processed,  gives  a  color  positive  trans- 
parency. Emulsion  characteristics  of  this 
type  of  film  usually  vary  somewhat  from  roll 
to  roll;  therefore,  the  exposure  index  as  well 
as  the  color  balance  also  varies.  Because  of 
this,  it  was  necessary  to  make  trial  flights 
over  the  terrain  for  which  photography  was 
desired,  to  determine  the  proper  combination 
of  shutter  speed  and  lens  opening  that  would 
give  optimum  exposure  and  color  reproduction 
for  each  roll  of  film.  A  corrective  color- 
balancing  filter  had  been  provided  with  each 
roll  of  film  because  of  these  variations  in 
film  characteristics.  Proper  color  balance 
must  be  obtained  to  assure  relatively  accurate 
color  reproduction  in  the  aerial  transparency. 
To  obtain  this  color  balance  and  to  minimize 
shadows,  the  aerial  photographs  on  this 
project  were  taken  as  near  peak  solar  altitude 
as  possible. 

Filters 

Haze  filters  are  sometimes  used  in  taking 
color  pictures  to  prevent  the  overall  bluish 
hue  that  is  caused  by  the  dispersion  of  light 
by  dust  and  water  particles  suspended  in  the 
atmosphere.  Haze  does  not  present  a  serious 
problem  with  low-altitude  photography,  but 
its  effect  becomes  increasingly  apparent  as 
the  height  above  ground  of  the  aerial  camera 
is  increased.  The  magnitude  of  haze  also 
varies  with  the  time  of  day,  season,  and 
geographic  location.  Because  of  the  use  of 
haze  filters,  the  need  for  color  balance,  and 
the  slow  speed  of  color  film,  aerial  lenses  for 
color  photography  must  have  larger  apertures 
than  those  used  for  black-and-white  photog- 
raphy. High  quality  lenses  having  good 
resolution,  little  color  or  spherical  distortion, 
and  relatively  even  light  distribution  are 
required  for  color  aerial  photography.  With 
the  development  and  use  of  faster  color  film, 
the  requirements  for  lighting  and  size  of  lens 
opening  are  expected  to  be  reduced. 


Processing  color  film 

Requirements  for  the  developing  and 
processing  of  color  film  are  far  more  exacting 
than  those  for  black-and-white  film  and  must 
be  met  if  acceptable  color  photographs  are 
to  be  obtained.  The  composition  of  develop- 
ing and  fixing  solutions  and  the  developing 
time  must  be  controlled  carefully.  The 
temperature  of  developing  solutions,  for 
example,  must  be  maintained  to  within 
±1°  F.  Considerable  care  also  must  be 
exercised  while  drying  or  handling  the  film. 
Special,  rather  costly  equipment  is  needed 
for  adequate  processing. 

Color  film  should  be  developed  within  24 
hours  after  its  exposure;  when  this  is  not 
possible,  the  exposed  undeveloped  film  should 
be  refrigerated.  Because  of  the  tendency  for 
the  dyes  in  unexposed  color  film  to  change 
with  time,  particularly  in  hot,  humid  climates, 
all  unused  color  film  should  be  stored  at 
temperatures  ranging  from  45°  to  65°  F. 

Advantages  in  Use  of  Color 
Photography 

One  obvious  advantage  in  the  use  of  color 
aerial  photographs  is  that  cultural  features 
such  as  highways,  trails,  buildings,  and  aerial 
targets  are  more  readily  identifiable  than  on 
black-and-white  photographs.  Also,  it  is 
easier  to  orient  oneself  in  the  field  by  use  of 
color  aerial  photographs  because  the  terrain 
and  culture  appear  to  be  more  natural.  Image 
definition  is  better  on  color  aerial  transpar- 
encies than  on  black-and-white  prints  because 
the  use  of  prints  results  in  some  loss  of 
detail. 

Wet  soils,  organic  soils,  boggy  ground,  and 
seepage  zones  can  be  easily  identified  on 
color  photographs  because  of  the  green  grass 
and  other  vegetative  growth  in  these  wet 
areas.  The  brownish  color  of  the  organic 
soils  is  readily  recognized.  Minor  drainage- 
ways,  poorly  drained  depressions  or  swales, 
and  seepage  areas  in  landslides  show  quite 
clearly.  On  the  black-and-white  photographs, 
these  areas  have  generally  darker  photographic 
tones,  but  identification  or  delineation  is  not 
as  positive  and,  in  some  instances,  the  con- 
ditions are  not  apparent. 

The  identification  and  delineation  of  such 
rock  types  as  granite,  rhyolite,  basalt,  lime- 
stone, shale,  and  sandstone  are  greatly 
facilitated  by  color  photography;  large  boul- 
ders in  glacial  till  can  be  identified  more 
readily.  Color  is  particularly  helpful  in 
instances  where  the  rock  fracture  pattern  or 
other  features  are  not  distinctive  and  cannot 
be  used  for  identification.  In  one  instance, 
however,  the  fracture  pattern  for  a  granite 
was  so  distinctive  that  it  appeared  equally 
well  on  both  the  color  and  black-and-white 
photographs. 

Various  vegetative  types  can  be  identified 
more  readily  on  color  than  on  black-and-white 
photographs.  It  is  not  always  possible  to 
correlate  a  particular  type  of  vegetation  with 
a  specific  type  of  material  or  ground  condition, 
but  color  photography  will  be  useful  wherever 
reliable  correlations  can  be  made.  For 
example,  aspen  growing  on  alluvial  fans  in 
southern  Colorado  clearly  outlined  the  exti 
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of  these  deposits.  Dense  timber  cover  that 
completely  obscures  ground  detail  is  a  liability 
in  aerial  photographic  interpretation  with  both 
black-and-white  and  color  photo- 
graphs. Thus,  a  dense  cover  of  lodgepole 
pine  in  one  area  of  Yellowstone  National  Park 
prevented  the  detection  of  local,  thin  deposits 
of  glacial  sand  overlying  volcanic  flows. 

In  several  cases  the  colors  of  certain  features 
were  not  of  the  same  density  in  adjacent  pic- 
tures — vividly  colored  algae  growing  in  hot 
springs  appeared  in  almost  true  color  on  one 
photograph  but  were  almost  completely 
washed  out  in  the  next.  This  apparently  was 
the  result  of  the  difference  in  the  angle  of  re- 
flected light  from  the  ground  for  successive 
plane  positions.  Although  this  change  in 
color  density  may  be  obvious  when  individual 
photographs  are  compared,  it  generally  is  not 
apparent  when  pairs  of  photographs  are 
viewed  stereoscopically.  A  similar  difference 
in  photographic  tones  also  was  noted  on  black- 
and-white  photographs  of  sand  and  gravel 
river  bars. 

Photographic  Scales 

Color  photographs  were  taken  at  several 
scales  so  that  a  comparison  could  be  made  as  to 
their  relative  value  for  materials  surveys. 
These  scales  and  their  respective  flight  strip 
widths  were:  1:4,800  (1  inch  to  400  feet), 
3,600  feet;  1:6,000  (1  inch  to  500  feet),  4,500 
feet;  and  1 :  12,000  (1  inch  to  1,000  feet),  9,000 
feet.  All  transparencies  had  an  image  area  of 
9  by  9  inches  square.  This  study  of  photo- 
graphs at  different  scales  confirmed  the  ex- 
perience in  Region  9,  which  had  indicated  that 
a  scale  of  about  1 : 6,000  would  be  the  most 
desirable  one  for  use  in  locating  sources  of 
materials. 

Use  of  a  scale  at  1:4,800  permits  more 
ground  detail  to  be  observed  but  the  flight 
strip's  width  is  one-fifth  less  than  that  for 
photographs  made  at  the  scale  of  1:6,000. 
The  advantage  gained  by  having  the  extra  900 
feet  in  the  flight  strip's  width  with  the  1 : 6,000 
scale  more  than  offsets  any  slight  advantage 
gained  by  use  of  the  larger  scale.  The  addi- 
tional detail  on  the  photographs  taken  at  the 
1 : 4,800  scale  did  not  help  appreciably  in  the 
detection  of  materials  sources  or  in  the  deter- 
mination of  ground  conditions.  Photographs 
taken  at  a  scale  of  1 :  12,000  showed  insufficient 
ground  detail  for  optimum  use;  this  smaller 
scale,  however,  did  provide  greater  width  of 
coverage  and  permitted  a  broader  overall 
view.  Examination  of  the  photographs  at 
this  smaller  scale  required  more  time  for  study 
than  those  taken  at  a  scale  of  1 : 6,000  and  many 
uncertainties  remained  regarding  actual 
ground  conditions.  On  the  basis  of  the  evalua- 
tion of  these  photographs,  it  is  believed  that 
use  of  scales  ranging  from  1:6,000  to  1:8,000 
will  provide  sufficient  ground  detail  and  width 
of  coverage  for  optimum  use  in  materials 
surveys. 

Cost  of  Color  Photography 

The  cost  of  color  photographs  should  be 
considered  in  relation  to  actual  savings  in 
time,  money,  and  increased  information  made 
available  through  their  use — not  by  the  actual 
cost  alone.     The  added  advantages  and  sav- 
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ings  gained  through  the  use  of  color  are  not 
always  measurable.  The  costs  involved  in 
procuring  either  black-and-white  or  color 
aerial  photographs  are  small,  if  not  insig- 
nificant, compared  to  the  final  cost  of  con- 
structing a  highway.  If  a  single,  good  source 
of  material  is  located  for  a  project  or  if  the 
haul  distance  to  a  suitable  source  can  be 
shortened  appreciably,  the  cost  of  photography 
and  for  the  personnel  involved  may  well  be 
paid  for  many  times.  Similarly,  the  savings 
made  by  recognition  and  avoidance  of  un- 
stable ground,  hard  bedrock,  seepage  areas, 
or  other  poor  ground  conditions  in  projecting 
a  preliminary  highway  alinement  are  obvious. 
The  average  price  ranges  per  linear  mile  for 
9-  by  9-inch  color  aerial  transparencies,  shown 
in  the  following  table,  are  for  photography 
obtained  by  negotiated  contract  in  Region  9; 
prices  may  not  be  the  same  elsewhere.  The 
prices  shown  here  included  the  cost  of  the 
plastic  envelopes  in  which  the  transparencies 
were  placed. 

Scale  Cost  per  mile 

1:4,800. $43.75-$60.75 

1:6,000 38.25-  52.75 

1:12,000 27.00-  33.50 

The  only  available  price  for  black-and-white 
photographs  is  for  those  at  a  scale  of  1:6,000. 
The  cost  ranges  between  $20  and  $27.50  per 
linear  mile  as  compared  to  the  range  of  from 
$38.25  to  $52.75  for  color  transparencies  at 
the  same  scale.  The  conventional  photo- 
graphs are  printed  on  double-weight  paper 
with  a  semi-matte  finish.  Two  sets  of  black- 
and-white  prints  and  an  uncontrolled  photo- 
graphic index  are  included  in  this  price. 

It  has  been  the  experience  of  the  Federal 
Highway  Projects  Office,  Region  9,  that  color 
photography  may  be  obtained  at  somewhat 
lower  prices  through  competitive  bids,  but 
that  the  quality  is  often  poor  and  not  ac- 
ceptable. Price  quotations  will  also  vary 
with  the  number  of  miles  of  photography 
required  per  job,  and  the  distances  involved 
in  getting  a  plane  to  the  area  to  be  photo- 
graphed. Color  photography  in  Region  9 
generally  has  been  taken  at  the  same  time 
as  the  black-and-white  photographs  used  for 
photogrammetric  mapping. 

Color  aerial  prints,  rather  than  color  aerial 
transparencies,  are  not  acceptable  for  use  in 
materials  surveys  because  of  their  lack  of  good 
color  reproduction  as  well  as  tkeir  excessive 
cost.  Relatively  large  emulsion  shrinkage  of 
color  prints  causes  them  to  curl  with  small 
changes  in  temperature  and  humidity.  The 
high  cost  of  color  prints  is  a  direct  reflection 
of  the  skill  and  experience  required  and  the 
difficulties  that  may  be  encountered  in  ob- 
taining and  producing  color  pictures  of  accept- 
able quality.  Recently  a  price  of  $4  to  $5  per 
print  was  quoted  on  color  prints  when  the 
order  was  for  50  prints  or  more. 

Care  Required  for  Transparencies 

Greater  care  is  required  in  handling  and 
working  with  color  aerial  transparencies  than 
with  black-and-white  photographic  prints.  If 
a  transparency  is  lost  or  damaged  it  cannot 
be   replaced,    as   with   prints.     Furthermore, 


the  reproduction  of  color  transparencies  is 
costly  and  the  color  reproduction  from  the 
originals  cannot  be  relied  upon.  A  dis- 
advantage to  the  use  of  color  transparencies 
is  the  need  for  suitable  illumination  to  view 
them  in  an  office  and,  if  they  are  to  be  used 
in  the  field,  a  special  portable  lightbox  adapted 
for  battery  operation  is  required.  When  they 
are  used  in  the  field  under  extremely  hot  and 
dry  climatic  conditions,  the  transparencies 
will  curl;  but,  under  similar  conditions,  black- 
and-white  photographs  printed  on  double 
weight  paper  also   curl  and  become  brittle. 

Procurement  of  Quality  Aerial 
Photography 

Equipment  used  to  process  color  film  is 
rather  expensive  and  some  commercial  organi- 
zations have  neither  the  equipment  nor  the 
experience  in  taking  or  processing  color  photo- 
graphs that  are  required  to  produce  a  good 
quality  job.  For  this  reason,  color  photog- 
raphy has  been  procured  in  Region  9  by 
negotiated  contract,  in  order  to  obtain  a  high 
quality  product  at  a  reasonable  price.  Un- 
less a  State  highway  department  has  had 
previous  experience  with  a  commercial  organi- 
zation, it  is  recommended  that,  before  a  con^ 
tract  is  entered  into,  the  organization; 
concerned  be  required  to  submit  sample  photo- 
graphs taken  of  the  area  at  the  desired  scale. 
Samples  at  other  scales  or  at  the  required 
scale  of  other  areas  should  not  be  accepted  as 
evidence  that  the  organization  is  capable  of 
producing  acceptable  photographs  for  a  partic 
ular  area. 

The  type  of  camera  and  lens  used  for  aerial, 
color     photography     is     highly     important. 
There  has  been  a  tendency  for  commercial 
organizations  to  use  lenses  with  focal  lengths 
of  more  than  6  inches,  such  as  8%  inches  or  12 
inches.     Although   the    use   of   longer   focal- 
length  lenses  produces  better  light  distribu- 
tion, which  provides  more  uniform  density  ir 
the  picture,  a  higher  flying  height  is  require  ( 
to  obtain  pictures  at  a  given  scale  and  this 
in  turn,  increases  the  haze  effect  that  cause! 
the  undesirable  bluish  hue  in  color  transpar 
encies.     Quality    lenses    with    shorter    foca 
lengths  do  not  produce  noticeable  vignetting 
and  the  haze  is  less  of  a  problem  because  of  th 
lower  flying  heights  required.     Experience  oi 
this  and  other  projects  in  Region  9  indicate 
that  the  quality  of  a  camera  for  color  aeria 
photography  for  materials  surveys  should  b 
equal  to  or  exceed  that  of  a  Zeiss  RMK  15/2 
equipped  with  a  Pleogon  lens.     No  attemp 
was  made  to  evaluate  various  types  of  cole 
aerial  film  in  this  study.     The  contractor  use 
Kodak  Ektachrome  Aero  Film;  he  had  pre 
viously  produced  acceptable  color  aerial  trans 
parencies  with  this  type  of  film. 

The  season  and  time  of  day  are  importar 
factors  that  affect  the  quality  of  both  cole 
and  black-and-white  photographs.  Prefel 
ably,  color  photographs  should  be  taken  dune 
the  interval  between  the  complete  disappea; 
ance  of  snow  and  the  leafing  of  deciduoi 
trees  or  between  the  time  the  trees  are  bai 
and  the  first  snow.  Photographs  taken  in  th 
fall  have  longer  shadows  than  those  madej 

(continued  on  p.  11) 
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Economic  Evidence  in  Right-of-Way  Litigation 


The  information  presented  in  this  article  is  the  result  of  research  directed 
toward  prodding  facts  that  will  be  helpful  in  obtaining  legal  acceptance  of 
economic  research  evidence  in  highway  right-of-way  litigation.  Research  evi- 
dence has  been  recognised  in  other  fields  of  late,  and  it  is  believed  that  such 
recognition  should  be  extended  to  highway  litigation — economic  fact  should 
serve  the  court  in  establishing  legal  fact.  A  description  and  analysis  of  present 
evidentiary  rules  and  tests  are  included,  and  suggestions  have  been  made  for 
the  utilization  of  various  types  of  evidentiary  material.  Hurdles  that  must  be 
overcome  before  some  of  the  evidentiary  material  becomes  fully  acceptable  also 
have  been  described,  and  some  of  the  means  for  countering  judicial  objections 
have  been  enumerated. 

Acceptance  and  utilization  of  economic  research  evidence,  such  as  that  pro- 
vided by  land  economic  studies,  severance  damage  studies,  and  economic  statis- 
tical studies,  is  considered  desirable  for  calculating  just  compensation,  especially 
for  partial  takings  for  highway  construction.  Partial  takings  of  property  on  a 
wholesale  basis  is  a  relatively  new  item  in  condemnation  law.  For  example,  in 
connection  with  the  National  System  of  Interstate  and  Defense  Highways, 
approximately  90  percent  of  its  41,000  miles  will  be  obtained  from  rural  areas, 
and  acquisition  of  almost  any  rural  parcel  of  land  will  involve  a  partial  taking. 
Heretofore,  valuation  by  appraisers  and  realtors  has  been  based  primarily  upon 
experience  with  entire  parcels  of  land.  Now,  when  an  evaluation  must  be  made 
for  the  remainder  after  a  partial  taking,  damages  must  be  determined  also  for 
the  severance,  and  in  some  States  the  benefits  accruing  to  the  property  from 
the  highway  must  be  segregated  from  the  damages. 

The  benefits,  including  savings  of  both  time  and  money  for  governmental 
entities,  to  be  gained  by  the  use  of  economic  research  as  direct  evidence  of  values 
are  pointed  out  in  this  article.  It  also  is  proposed  that  legal  counsel  and  courts 
re-examine  their  position  with  regard  to  acceptance  of  currently  available  eco- 
nomic data  and  that  obtained  from  systematic  research  procedures. 


ECONOMIC  DATA  IN 
CONDEMNATION  PROCEEDINGS 

Introduction 

rHE  MERGING  of  ideas  from  two  fields 
even  under  ideal  circumstances  is  a  difficult 
rocess.  In  the  case  of  the  disciplines  of  law 
nd  economics,  however,  this  process  has  been 
oing  on  for  many  centuries;  present  conimer- 
ial  legal  practice  evolved  from  the  need  for 
ules  to  implement  various  institutional  rela- 
ionships  in  our  economic  affairs.  As  a  con- 
equence,  the  development  of  procedural  and 
ubstantive  law  involves  a  recognition  of  the 
msiiicss  climate.  While  the  law  recognizes 
"  arious  economic  arrangements,  newer  means 
f  ascertaining  facts  exist  today.  The  newer 
echniques  of  factual  presentation  can  aid 
lighway  and  other  public  officials  greatly  in 
lheir  determination  of  fair  compensation  for 
•roperty  acquisition.  To  aid  in  the  refine- 
aent  of  this  fact  gathering  and  in  an  attempt 
o  determine  true  indicators  of  value  for  use 
n  legal  proceedings,  the  Bureau  of  Public 
loads  and  many  State  highway  departments 


are  engaged  in  right-of-way  and  legal  research 
studies.  Included  in  this  research  are  land 
economic  studies,  severance  damage  studies, 
and  economic  impact  studies. 

From  such  research  activities,  it  is  hoped 
that  it  will  be  possible  to  supply  the  realities 
behind  the  market  and  the  willing  buyer-and- 
seller  concepts,  abstractions  that  have  been 
defined  fairly  specifically  in  case  law,  as  will 
be  described  later.  Substantial  savings  to  the 
Government,  as  well  as  verification  and  justi- 
fication of  condemnation  awards,  are  expected 
from  this  research. 

The  partial  takings  of  property  for  highway 
purposes  has  made  more  significant  the  cur- 
rent law  of  severance  damages  and  the  proof 
necessary  in  such  cases.  Although  some  9  out 
of  10  condemnation  cases  are  settled  prior  to 
recourse  to  judicial  procedures,  those  that  find 
their  way  to  the  courts  ofttimes  represent 
widely  varying  amounts  of  valuation  for  the 
same  parcel  of  land.  The  pattern  of  pay- 
ments of  damages,  in  present  as  well  as  in 
future  cases,  is  influenced  by  these  interpreta- 
tions and  decisions  arrived  at  in  open  court. 
The  damages  awarded  in  these  cases  tend  to 


Reported  >  by  SIDNEY  GOLDSTEIN,'  Chief, 
Economic  Impact  Research  Branch 


establish  the  basis  for  the  level  of  awards  and 
damages  in  present  appraisal  practice  since 
they  become  part  of  the  jurisprudence  kit. 

The  material  presented  in  this  paper  on  the 
economic  orientation  of  condemnation  ca 
and  the  suggestions  for  the  utilization  of 
various  types  of  evidentiary  materials  in  such 
cases,  indicate  a  belief  that  economic  fact 
should  serve  the  court  in  establishing  legal 
fact.  Existing  legal  practices,  with  re- 
spect to  the  admission  and  use  of  research 
evidence  in  courts  of  law,  indicate  that 
economic  research  techniques  have  made 
definite  contributions  to  the  judicial  fact- 
finding and  decision-making  processes.  Such 
findings  almost  invariably  have  been  confined 
to  areas  of  commercial  litigation  with  the 
exception,  however,  of  certain  scientific  tables 
and  calculations,  which  are  said  to  be  admis- 
sible and  competent  evidence  because  the 
demands  of  custom  and  practical  convenience 
make  them  generally,  if  not  universally, 
acceptable. 

Study  of  research  findings 

This  study  of  the  experience  with  economic 
research  findings,  where  they  are  judicially 
acceptable,  along  with  the  indicated  needs 
emerging  from  condemnation  proceedings  for 
factual  data  that  best  can  be  obtained  by 
research  methods,  sanctions  the  admission 
and  use  of  such  findings  in  land  valuation 
cases.  Such  sanctions,  if  adhered  to,  demand 
a  reshaping  of  the  rules  of  evidence,  which 
now  prohibit  entrance  of  economic  research 
findings  as  independent  evidence  in  con- 
demnation proceedings.  Such  a  change  in 
evidentiary  procedure  only  summons  the  next 
step  in  the  evolutionary  process  set  in  motion 
by  the  admission  of  comparable  sales  of 
particular  parcels.  If  evidence  of  sales  of 
comparable  parcels  can  be  introduced  in 
piecemeal  form,  through  the  drawn-out  pro- 
cedure of  separately  and  individually  estab- 
lishing the  collateral  issue  of  comparability 
followed  by  evidence  of  the  sales  prices,  better 
procedural  methods  of  introducing  evidence 
pertaining  to  land  values  should  be  welcome 
because  of  the  time  factor  and  the  need  for 
better  information. 


1  Presented  at  the  41st  annual  meeting,  Highway  Research 
Board.  Washington,  D.C.,  January  1962. 

2  William  II.  Stanhagen,  formerly  Chief,  Highway  Laws 
Project,  assisted  during  the  planning  stage  of  this  article; 
and  law  students  who  wet  luofPublic 
Roads,  Joseph  T.  Sweeney  and  Carrie  L.  Fair,  perfoi 
research  and  contributed  to  the  preliminary  preparation  of 
this  article. 
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Land  economic  studies,  severance  damage 
studies,  economic  statistics,  and  other  research 
data  can  provide  these  better  procedural 
needs  and  also  overcome  the  shortage  of  laud 
valuation  data,  essential  in  the  determination 
of  just  compensation.  The  goal  for  all  con- 
demnation proceedings  is  the  award  of  just 
compensation.  Because  such  an  award 
depends  on  property  value,  damages,  and 
frequently  benefits  assigned  to  the  land  in 
question,  it  follows  that  these  may  be  deter- 
mined more  accurately  by  objective  research 
methods.  The  products  of  these  methods 
could  serve  as  a  means  both  for  substantiating 
or  cross-examining  expert  testimony  and  for 
independent  evidence,  especially  on  issues 
such  as:  (1)  after  value,  where  the  before-and- 
after  formula  is  applied;  (2)  severance 
damages;  (:•!)  special  benefits;  and  (4)  general 
benefits.  Therefore,  better  valuations  of 
damages  to  properties,  especially  to  remainder 
parcels,  would  be  expected. 

Filling  in  Evidentiary  Gaps 

Participants  in  1he  judicial  process  in 
eminent  domain  proceedings  for  highway 
purposes  have  recognized  the  need  for  sharp- 
ening factual  presentations  in  condemnation 
cases.  A  recognition  of  t  his  need  has  been  seen 
in  the  recent  emphasis  on  pretrial  practice 
(I),3  on  uniform  expert  appraisal  testimony 
(2),  and  on  severance  damage  studies  (3). 
In  this  article  the  major  emphasis  has  been 
placed  on  severance  damage  studies;  a  brief 
reference  has  been  made  to  the  other  two 
items. 

An  objective  for  this  article  is  to  fill  the  gaps 
in  evidentiary  practice  so  that  both  the  court 
and  the  jury  will  be  assisted  in  their  decision- 
making roles.  The  public  and  individual 
property  owners  will  benefit  by  any  reduction 
of  guesswork  thai  may  be  inherent  in  court- 
room valuation  of  property.  Concerned  by 
the  inadequacies  of  the  factual  presentations 
currently  being  admitted  in  the  courtroom, 
various  leaders  in  the  right-of-way,  appraisal, 
and  legal  fields  have  indicated  a  need  for 
device-  in  dealing  with  certain  types  of  prop- 
erty (A). 

As  an  example  of  this  concern,  a  specialist 
in  right-of-way  has  referred  to  the  valuation 
of  severance  damages  in  the  following  manner: 
"<  >ne  of  the  most  difficult  phases  of  appraisal 
work  is  the  assignment  of  the  proper  value  of 
severance  damages  to  properties  in  highway 
right-of-way  acquisition"  (5). 

The  desire  of  right-of-way  officials  to  provide 
for  fair  and  accurate  compensation  has  been 
staled,  as  follows:  "It  is  the  general  intent  that 
i  >u  tiers  of  parcels  that  are  severed  or  reduced  in 
size  by  right-of-way  acquisition  be  compen- 
sated as  accurately  as  possible  for  damage 
inclined  that  payment  be  no  more,  no  less, 
than  the  true  value"  (5). 

Evidence  in  condemnation  cases  turns  on 
the  question  of  the  value  of  the  propertj 
taken,  and  in  partial  taking  cases  on  this  as 
well  as  damages  to  the  remainder.     In  accord- 


3  The  references  cited  by  the  italic  numbers  in  parentheses 
are  listed  beginning  on  page  33. 


ance  with  the  established  valuation  proce- 
dures, properties  are  analyzed  in  terms  of 
before  and  after  the  taking.  In  this  connec- 
tion, it  is  essential  to  realize  that  market  value 
must  always  be  an  estimate.  Even  under  the 
most  refined  expert  appraisal,  no  two  proper- 
ties can  ever  be  exactly  alike  in  value  because 
of  the  intangibles  of  location  and  quality,  as 
well  as  the  difference-  in  background  and 
t  raining  of  appraisers.  Since  estimated  values 
are  the  bases  for  the  determination  of  fair  and 
just  compensation  to  a  property  owner,  it  is 
worthwhile  to  ask  what  can  be  added  to  the 
right-of-way  official's  technical  equipment 
that  also  will  aid  the  courts  in  increasing  the 
accuracy  of  the  estimate  of  value. 

The  most  usual  means  of  proving  value  in 
a  court  proceeding  is  by  expert  testimony  in 
which  experts  or  informed  individuals  on  both 
sides  seek  to  impress  the  jury  with  the  defensi- 
bility  of  their  valuations.  The  recognition  of 
new  legal  evidentiary  devices  has  indicated 
that  the  law  has  progressed  substantially. 
Therefore,  the  type  of  evidence  generally  used 
in  condemnation  proceedings  may  be  im- 
proved to  meet  present  fact  situations  in 
highway  condemnation  cases.  An  analysis  of 
the  current  status  of  the  law  of  proof  and  of 
the  admissibility  of  economic  research  evi- 
dence, such  as  statistical  surveys  and  samples, 
and  the  hearsay  objection  to  such  data  will 
be  presented  later  in  this  article.  The  par- 
ticular significance  of  various  types  of  land 
economic  studies  to  the  highway  lawyer  and 
appraiser  are  discussed  in  the  following 
paragraphs. 

General  Economic  Impact 

In  condemnation  law,  the  courts  introduce 
some  legal  constructs;  namely,  market  value 
and  highest  and  best  use  as  the  determinant  of 
fair  and  just  compensation.  Just  as  in  other 
areas  of  law,  that  is  in  torts,  the  concepts  of 
the  prudent  man  and  the  reasonable  man  are 
used.  Such  generalized  concepts  are  needed 
in  order  to  furnish  standards  so  that  a  fair 
decision  may  be  obtained  for  all  concerned. 
The  impact  of  eminent  domain  proceedings  on 
the  general  public  has  grown  with  the  tremen- 
dous building  programs  currently  in  progress, 
some  of  which  are:  The  Interstate  and  other 
Federal-aid  highway  programs,  State  and 
county  highway  construction  efforts,  urban 
renewal  and  redevelopment,  reclamation,  flood 
control,  parks,  and  other  programs  involving 
the  assignment  of  compensation. 

Despite  the  technological  advances  illus- 
trated by  all  these  public  works  programs,  the 
means  of  proof  has  tended  to  remain  within 
the  same  paths.  Further  information  is  pre- 
sented in  this  article  in  connection  with  the 
discussion  of  pertinent  laws  of  eminent  domain 
and  evidence.  Courts  normally,  however, 
adapt  their  current  procedures  to  new  prob- 
lems, for  this  is  how  growth  obtains  in  the 
law  to  handle  growth  in  the  economic  system. 

When  an  expert  witness  is  giving  his  opinion 
of  the  value  of  a  parcel  taken  and  damages 
to  the  remainder,  knowledge  of  land  value 
trends  is  an  indispensable  item  to  him.  He 
would    like    to    be    able    to    ascertain    certain 


general  trend-  in  the  area  so  that  he  can  give 
due  credit  to  such  general  inflationary  or  de- 
flationary movements  in  arriving  at  his  esti- 
mate of  value.  General  land  value  studies 
provide  him  with  the  expert  information  that 
he  requires. 

Information  available 

It  is  decidedly  difficult  and  expensive  for 
the  individual  appraiser  to  make  a  thorough 
study  of  all  land  value  items  in  an  area.  For 
this  reason,  the  Bureau  of  Public  Roads,  State 
highway  departments,  and  various  univer- 
sities through  economic  impact  studies  are 
making  available,  to  the  appraisal  profession 
and  highway  legal  counsel,  the  types  of  infor- 
mation needed  (6).  Some  of  the  background 
of  these  economic  impact  studies  is  given  in 
the  following  paragraphs.  The  earlier  studies 
of  the  1920's  were  concerned  with  rural  land 
values.  References  to  the  results  of  these  and 
many  recent  land  value  studies,  perhaps  50  in 
number,  have  appeared  in  the  report  of  the 
highway  cost  allocation  study,  prepared  for 
the  U.S.  Congress  by  the  Bureau  of  Public 
Roads  (7).  In  all,  about  100  highway  impact 
studies  have  been  completed  and  presently 
about  40  are  underway  in  some  35  States. 

The  impact  studies  have  utilized  various 
kinds  of  approaches.  In  general,  the  method- 
ology encompassed  what  has  been  called  a 
before-and-after  technique — an  analysis  of 
some  period  prior  to  a  highway  improvement 
compared  with  a  period  after  the  completion 
of  the  improvement.  Wherever  possible, 
geographic  areas  subject  to  highway  influences 
were  compared  with  similar  areas  not  subject 
to  highway  influence,  in  order  to  isolate  to 
some  degree  the  impact  of  the  facility.  Al- 
though the  subject  matter  in  these  studies 
varies  widely,  the  concern  with  right-of-way 
is  seen  in  these  studies  because  analyses  of 
land  value  are  usually  a  component  part  of 
any  study  for  evaluating  the  impact  of  a 
highway. 

The  results  of  the  experience  gained  in 
these  studies  have,  in  some  instances,  found 
their  way  into  the  courts,  generally  through 
expert  presentation.  One  of  the  early  impact 
studies  that  dealt  with  2,500  sales  in  the 
Houston,  Tex.,  area  was  used  in  a  Mississipp 
case  as  a  basis  for  expert  opinion  (8).  Other 
studies  provide  findings  that  could  be  useful 
in  legal  disputes,  such  as  in  the  Baltimore 
Beltway  study  of  subdivision  property  where 
little  or  no  damage  was  found  from  highway 
proximity. 

Even  when  an  appraiser  does  not  have 
access  to  such  economic  impact  studies,  h( 
impliedly  uses  similar  information  in  lm 
evaluation  of  a  parcel.  His  experience  anc 
education  become  the  basis  for  his  experf 
opinion.  Nevertheless,  it  is  opinion  testimonj 
and,  as  such,  it  is  subject  to  all  the  attack; 
inherent  in  the  cross-examination  of  anjl 
opinion.  Neither  side  to  a  legal  dispute 
generally  has  adequate  information  to  evaluati 
the  trends,  for  the  reasons  of  time  and  expense) 
It  is  hoped  that  economic  impact  and  simila 
studies  will  fill  this  factual  gap  in  case  prepa 
ration.      Mr.    Watson    Bowes,    MAI,    stateij 


22 


June  1962  •  PUBLIC  ROAI 


this  proposition  in  the  following  way:  "Eco- 
nomic studies  are  not  only  advantageous  in 
appraising  highway  right-of-ways  but  they 
ire  absolutely  necessary.  Every  highway 
department  appraiser  employs  such  studies 
to  some  extent.  Some  appraisers  relate 
?conomic  studies  to  the  subject  properties  by 
making  only  mental  notes  as  they  are  develop- 
ng  their  estimates  of  fair  compensation.  Such 
mental  notes  are  difficult  to  transmit  to 
uries  and  do  not  show  on  any  appraisal 
eport  so  they  can  be  used  as  a  negotiating 
ool  by  the  negotiator"   (.9). 

An  operating  official  in  the  highway  field  of 
he  State  of  Washington  believes  these  studies 
ierve:  ".  .  .  to  provide  data  to  staff  and 
ee  appraisers  to  assist  them  in  more  accurately 
neasuring  the  just  compensation  in  a  partial 
aking  problem.  I  believe  that  in  all  States 
,he  right-of-way  divisions  are  finding  that  the 
:onstant  improvement  in  appraisal  techniques 
s  resulting  in  more  and  more  accuracy  in 
he  appraisal  of  a  total  taking,  or  in  the 
)efore  value  of  a  property  involving  a  partial 
aking"  (10). 

Right-of-way  specialists  generally  are  in 
favor  of  using  such  land  value  studies  in 
ippraisals  as  well  as  in  court  proceedings. 
Frank  C.  Balfour,  Executive  Vice  Chairman 
jf  the  American  Right  of  Way  Association; 
Rudolph  Hess,   Chief  Right  of   Way   Agent, 

alifornia  Division  of  Highways;  Leonard  I. 
Lindas,  Chief  Counsel,  Oregon  State  Highway 
Department;  Victor  Eichhorn,  Director  of 
Right  of  Way  Division,  Michigan  State  High- 
way Department;  and  many  State  highway 
)fficials;  and  the  Bureau  of  Public  Roads  have 
ndicated  their  support  of  such  research  (11). 
I  Land  value  studies  of  impact  in  an  area  that 
tbuts  a  highway,  compared  with  one  for  an 
irea  that  is  not  near  the  highway  improve- 
ment, would  be  particularly  pertinent  in 
ourt  cases  where  land  value  trends  are  neces- 
sary factual  background  for  the  jury.  It  then 
would  be  possible  for  the  court  and  jury  to 
valuate  the  work  product  of  the  expert 
ippraiser  against  these  data.  The  California 
Law  Revision  Commission  (12)  has  seen  fit  to 
ecommend  the  use  of  appraisal  theory  in 
;ondemnation  cases  in  order  to  systematize 
,he  concepts  of  valuation  and  the  background 
)f  testifiers.  It  usually  is  within  the  court's 
xiwer  to  determine  the  rules  of  compensation, 
is  a  means  of  implementing  a  legislative  deci- 
sion, for  the  taking  of  a  specific  property 
subject  to  a  public  need. 

In  the  main,  empirical  evidence  at  the  trial 
onsists  of  the  appraiser's  opinion  of  market 
/alue,  as  described  in  the  following  statement: 
An  appraiser  is  supposed  to  reject  elements 
;hat  are  remote,  fanciful,  speculative,  and 
mcertain.  In  judging  the  situation  the 
ippraiser  must  determine  whether  the  facts 
sstablish  a  diminution  in  value  with  reason- 
able certainty,  as  distinguished  from  merely 
hypothetical  or  fanciful  assertions  having  no 
effect  upon  value  (18). 

Yet,  in  a  world  where  statistical  data  are 
used  to  ascertain  and  provide  decision-making 
tools    to    management    and    government,    it 
i  would  appear  most  proper  to  prove  the  ap- 
praiser's   opinion    of    value    by    empirical    or 
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statistical  evidence.  With  the  time-honored 
means  of  introducing  appraisal  opinion  as 
expert  testimony,  the  highway  lawyers  have 
avoided  the  use  of  much  significant  informa- 
tion, such  as  the  various  land  value  studies. 
The  implications  of  these  studies  to  evidentiary 
presentation  will  be  discussed  in  a  later  part  of 
this  article  that  deals  with  the  admissibility 
of  research  evidence  in  highway  right-of-way 
litigation. 

Interchange  Impact 

Right-of-way  personnel  have  been  especially 
interested  in  the  subject  of  the  impact  of 
interchanges  on  land  values:  experience  thus 
far  has  shown  these  interchanges  to  be  the 
hubs  of  economic  activity.  Such  impact 
studies  at  interchange  points  tend  to  provide 
data  that  can  be  utilized  to  indicate  objectively 
the  after  value  of  property  at  such  points.  In 
the  State  of  Washington,  a  number  of  case 
studies  at  interchange  points  have  been  pre- 
pared that  may  be  used  for  such  a  purpose. 
In  addition  to  this  type  of  case  study,  general 
land  value  trends  at  interchange  points  are 
being  established  in  the  economic  impact 
studies  at  the  University  of  Washington, 
Texas  A  &  M,  and  in  the  States  of  Michigan, 
Minnesota.  <  Hiio,  <  >klahoma,  IVnnsj  !\  ania 
and  Washington,  and  many  others  where 
interchange  impact  on  an  area  (general  influ- 
ence on  land  values)  and  on  specific  parcels 
can  be  delineated. 

Severance  Damage  Studies 

A  major  means  of  establishing  property 
value  is  by  use  of  the  comparable  parcel  as 
the  standard  of  value,  so  that  the  court  and 
the  jury  may  have  the  opportunity  to  approxi- 
mate true  value.  To  aid  the  court  in  this 
factfinding  function,  right-of-way  personnel 
in  State  highway  departments  and  private 
appraisers,  through  such  professional  organi- 
zations as  the  American  Right  of  Way  Associa- 
tion and  various  appraisal  societies,  have 
interested  themselves  in  establishing  various 
research  programs  in  land  values.  By  such 
land  value  studies  an  attempt  is  being  made 
to  supply  the  appraiser  with  knowledge  of 
the  economy  in  which  he  operates.  The 
findings  in  such  studies  provide  him,  and 
other  persons  involved  in  right-of-way  or 
eminent  domain  proceedings,  with  the  reaction 
of  land  values  in  situations  similar  to  the  one 
involving  the  parcel  in  question.  The  impor- 
tant contribution  made  by  this  research  is  the 
aid  that  it  may  provide  for  valuing  partial 
takes.  Where  whole  parcels  are  acquired 
by  condemnation,  ths  establishment  of  mar- 
ket value  is  not  as  difficult  :.s  it  is  where  only 
part  of  a  parcel  is  acquired  and  the  damages 
to  the  remainder  must  be  evaluated. 

Nature  of  severance  damage  studies 

Severance  damage  studies  are  intended  to 
facilitate  the  objective  determination  of  the 
effect  that  the  partial  taking  of  a  property 
has  upon  the  value  of  the  remainder  parcel. 
Such  information  is  invaluable  if  each  affected 
property  owner  is  to  be  reimbursed  not  only 


for   property    taken    but   also   for   damage-,   to 
the  remainder. 

To  measure  the  effects  of  a  partial  taking 
of  property,  most  severance  damage  studies 
rely  on  a  before-and-after  approach- -the 
value  of  the  property  before  the  highway 
taking  compared  with  the  total  amount  that 
the  owner  received  from  the  property;  for 
example,  for  property  taken,  for  damages  to 
the  remainder,  and  for  the  sale  of  the  re- 
mainder. Ideally,  the  adjustment  that  should 
be  made  with  a  property  owner  is  the  dif- 
ference in  the  fair  market  value  of  the  entire 
tract  before  the  taking,  and  the  fair  market 
value  of  the  remaining  real  property  after  the 
taking.  While  the  appraisal  of  these  before- 
and-after  values  is  made  at  the  same  time, 
the  appraiser  must  attempt  to  determine  the 
value  as  of  two  different  times — one  in  the 
past  before  the  highway,  and  the  other  in  the 
future  after  the  highway  has  been  constructed 
and  its  influence  felt.  In  those  situations 
where  the  remainder  is  sold  so  that  a  reliable 
indication  of  the  value  of  the  remainder  is 
provided,  the  elements  for  a  meaningful  com- 
parison are  available — the  original  value 
(determined  by  recognized  appraising  tech- 
niques) versus  the  value  realized  by  the 
owner  (total  payments  for  property  taken, 
for  damages,  and  for  remainder  parcels). 
If  there  is  wide  discrepancy  between  these 
two  amounts,  either  too  much  or  too  little  is 
being  paid  for  right-of-way  property  or 
damages;  the  legal  limits  to  these  rules  are 
described  later.  Appendix  V  is  a  list  of 
severance  damage  studies,  completed  or  in 
progress. 

Similarities  Between  Severance 
Damage  and  Economic  Impact 
Studies 

Severance  damage  or  partial  taking  studies 
and  economic  impact  studies  have  several 
similarities,  and  either  type  of  study  may 
sometimes  be  referred  to  generally  as  a  land 
economic  study.  In  fact,  severance  damage 
studies  may  be  considered  a  particular  type 
of  economic  impact  study.  For  example,  in  a 
land  value  study  now  underway  in  Colorado, 
special  emphasis  is  being  given  to  the  analysis 
of  severance  damages  related  to  controlled- 
access  highways.  In  general,  severance  dam- 
age studies  and  economic  impact  studies  are 
alike  in  that  the  identification  and  measure- 
ment of  effects  that  can  be  traced  to  highway 
improvements  are  sought.  The  careful  atten- 
tion given  in  both  types  of  studies  to  measuring 
the  impact  of  highways  that  have  been  built 
in  the  past  results  from  a  common  objective — 
the  development  of  a  factual  basis  for  pre- 
dicting highway  effects. 

Some  Contrasts  Between  Severance 
Damage  and  Economic  Impact 
Studies 

The  differences  between  severance  damage 
and  economic  impact  studies  result  primarily 
from  the  identification  sought  for  the  different 
types  of  benefits.  Both  types  of  studies 
ordinarily  consist  of  a  comparison  of  the 
situation   before    and   after  the   highway,   to 
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determine  the  riled  of  the  highway.  Eco- 
nomic impad  studies  ordinarily  are  concerned 
with  identification  of  benefits  or  disadvan- 
thal  accrue  to  an  entire  community  or 
some  portion  of  a  community.  General 
effects  can  be  defined  as  injuries  or  benefits 
that  the  owner  sustain-  or  receives  in  com- 
mon with  the  community  generally  and  that 
an  not  peculiar  to  him  (/.{).  For  example, 
the  increment  in  land  values  that  a  com- 
munity may  experience  from  a  bypass  route 
would  be  termed  a  general  benefit.  The 
legal  basis  for  these  distinctions  are  described 
later  in  this  article. 

In  severance  damage  studies,  the  concern 
i.>  with  highway  effects  on  particular  land 
parcels  taken  in  par!  for  highway  property. 
If  the  total  amount  received  by  a  property 
owner  for  right-of-way,  for  damage  to  the 
remainder,  and  from  sale  of  the  remainder 
exceeds  the  value  of  the  property  prior  to  the 
highway,  a  benefit  has  accrued  to  the  owner. 
Often  of  great  concern  in  severance  damage 
studies  are  the  special  benefits — the  highway 
effects  that  accrue  to  a  particular  land  parcel 
taken  in  part  for  highway  right-of-way— that 
are  peculiar  to  a  specific  property  and  thai  are 
not  shared  by  other  properties  in  the  com- 
munity. Although  the  distinction  between 
special  and  general  benefits  often  becomes 
blurred,  it  is  more  common  to  look  to  special 
benefits  than  to  general  benefits  ill  offsetting 
the  da  magi'  suffered  by  remaining  land  parcels 
or  in  paying  for  property  acquired  in  part. 

Different  approaches 

Whether  the  focus  of  a  study  is  on  general 
oi  special  benefits  obviously  affects  the  method 
used  to  identify  these  benefits.  The  case 
study  approach  commonly  has  been  em- 
ployed for  severance  damage  studies.  The 
experience  of  a  highway-affected  community 
with  respect  to  land  value  trends,  business 
volumes,  or  employment  has  been  of  more 
concern  in  the  economic  impact  studies. 
The  different  types  of  control  areas  used  in 
severance  damage  studies  and  in  economic 
impact  studies  also  reflect  the  different  em- 
phasis of  these  studies. 

A  fundamental  type  of  analysis  in  economic 
impact  studies,  in  which  the  detection  and 
measurement  of  general  benefits  are  sought, 
involves  comparison  of  an  area  influenced  by 
a  highway  and  an  area  removed  from  highway 
influence.  The  ideal  control  area  is  one  that 
is  like  the  study  area  except  that  it  has  a 
complete  absence  of  highway  effect.  The 
types  of  controls  that  have  been  used  in 
severance  damage  studies  show  some  varia- 
tion; this,  no  doubt,  has  been  caused  pri- 
marily by  differences  in  State  laws  as  to  which 
benefits  can  be  considered  in  the  establishment 
of  compensation.  In  States  where  both 
general  and  special  benefits  can  be  applied 
against  the  cost  of  acquiring  right-of-way 
property,  a  control  area  removed  from  the 
highway  influence  is  desirable.  However,  in 
more  than  half  the  States  where  only  special 
benefits  are  to  be  considered  in  the  determi- 
nation of  adjustments  to  be  made  with 
affected  property  owners,  control  areas  are 
needed  in  the  immediate  neighborhood  of  the 
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study  parcel.  A  representation  of  how 
measurement  of  general  and  special  benefits 
is  sought  by  severance  damage  -Indies  is 
included  in  appendix  IV. 

Shortage  of  Factual  Information 

The  lack  of  systematically  organized  in- 
formation poses  a  major  problem  in  the  evalu- 
ation of  partial  takings.  The  severance 
damage  program  of  the  Bureau  of  Public 
Roads  and  the  State  highway  departments, 
for  which  an  important  goal  is  obtaining  a 
basis  for  use  in  countering  extravagant  prop- 
erty damage  claims  with  objective  analysis, 
is  expected  to  provide  such  information. 

The  difficulty  of  gaging  highway  effect 
without  careful  reference  to  the  experience  in 
comparable  situations  often  has  been  illus- 
trated. A  severance  damage  study  in  Michi- 
gan, for  example,  revealed  that  a  highway- 
influenced  parcel  of  land,  which  was  expected 
to  have  a  value  of  only  5  percent  of  what  it  was 
worth  prior  to  the  highway,  in  fact,  had  an 
after  value  of  115  percent  of  its  before  value 
(15).  In  Ohio,  researchers  have  noted  that 
there  has  been  no  instance  of  an  owner  having 
had  to  sell  a  remainder  parcel  for  as  little  as 
10  percent  of  its  former  value,  although 
estimates  of  90-percent  damages  for  landlocked 
property  are  reported  to  have  become  fairly 
common  (16). 

The  dearth  of  factual  information  about 
what  happens  to  remainder  properties  is 
widely  recognized.  One  account  of  a  typical 
appraisal  states  that  it  contains  ".  .  .  solid 
proof  on  the  before  value  of  the  lands  and 
improvements  with  full  documentation  .  .  ." 
and  then  the  frustrating  words,  ".  .  .  in  my 
opinion  the  remainder  is  damaged  50  percent 
by  reason  of  proximity"  (9).  Many  ap- 
praisers are  keenly  aware  of  the  fact  that 
large  scale  right-of-way  appraisal  for  highway 
improvements  is  relatively  new,  that  it  poses 
new  problems,  and  that  it  intensifies  the  need 
for  factual  information  as  to  how  the  market 
reacts  to  remaining  portions,  in  order  to  make 
the  after  estimates  something  more  than 
guesses  from  a  crystal  ball  (17). 

Accompli  sli  men  ts     from     Severance 
Damage  Studies 

The  goal  for  severance  damage  studies — to 
make  it  possible  to  predict  atr  the  time  of 
right-of-way  taking  what  effect  the  highway 
will  have  on  the  remaining  parcel — appears 
to  be  almost  insurmountable.  Any  two  or 
more  properties  obviously  vary  to  some  degree 
so  that  predictions  of  what  may  happen  to  one 
piece  of  property,  on  the  basis  of  the  experience 
with  other  properties,  can  be  only  approximate 
and  must  be  made  with  considerable  caution. 
The  difficult  nature  of  this  problem  is  empha- 
sized by  the  wide  variation  in  the  experience 
with  remainder  parcels;  the  unit  value  of 
remainder  parcels  in  one  study  ranged  from 
one-half  to  nearly  15  times  the  former  value 
(18). 

While  exact  evaluation  of  benefits  and 
damages  associated  with  right-of-way  taking 
is  desirable,  real  benefit  can  be  derived  from 


severance  damage  studies  that  are  short  of 
such  precision.  This  is  evidenced  by  the 
usefulness  of  current  studies  for  such  purposes 
as  right-of-way  acquisition,  public  relation-, 
highway  planning,  and  administration.  In 
instances  where  benefits  associated  with  a 
highway  right-of-way  taking  exceed  the  value 
of  property  taken,  it  may  be  sufficient  merely 
to  determine  that  benefits  exceed  or  equal  the 
value  of  the  property  taken;  benefits  ordinarily 
cannot  be  offset  unless  they  are  matched  by 
the  value  of  right-of-way  acquired  or  by 
damages,  as  described  later  in  the  legal 
analyses.  Determination  of  the  exact  amount 
would  appear  to  be  necessary  only  where  the 
benefit  is  insufficient  to  offset  costs — in  situa- 
tions where  the  amount  of  the  award  due  an 
owner  exceeds  any  benefits  that  may  be 
allowed  and,  therefore,  where  the  amount  of 
the  award  payable  depends  upon  the  estab- 
lishment of  amounts  for  benefits  or  for  any 
damages.  Consideration  of  benefits  asso-lj 
ciated  with  partial  takings,  without  the  assign- 
ment of  exact  benefit  amounts,  apparently 
can  be  of  some  usefulness  in  those  situations 
where  no  attention  whatsoever  is  now  being 
paid  to  this  important  element  of  the  post! 
highway  situation.  In  such  cases,  recognition 
of  any  highway  benefits  should  be  helpful  in 
establishing  more  reasonable  costs  for  right- 
of-way  acquisition. 


Market  approach 

Partial    taking    studies    in    which    benefits 
merely  are  recognized  or  estimated  in  a  gen- 
eral way — the  benefits  approach — have   con- 
siderable usefulness.     However,  in  a  numbei 
of  studies  the  scope  has  been  increased  and 
a  market  approach  applied — a  measure  of  ef- 
fect determined  by  the  market  place.     Thes< 
studies  have  provided  information   for   com- 
parisons of  estimated  and  actual  highway  ef- 
fects on  remainder  parcels,  and  some  of  thesl 
estimates  have  been  shown  to  be  fairly  aecu 
rate.     In  several  instances,  estimated  and  ac 
tual  damages,  generally  established  by  actua 
sales  prices,  have  been  found  to  be    within 
few  percentage  points  of  one  another;  for  ex 
ample,  estimated  damages  of  13  percent  am 
actual  damages  of  7  percent;  estimated  dam 
ages  of  37  percent  and  actual  damages  of  2: 
percent;  and  estimated  damages  of  80  percen 
and  actual  damages  of  70  percent  (19). 

The  progress  made  in  these  studies  in  ev 
uating  the  effect  of  certain  factors,  such  a 
having  more  than  one  potential  purchaser  fc 
certain  types  of  remainder  parcels,  should 
of  general  usefulness  in  determining  w:hat  ma 
happen  to  remainder  parcels.  As  might 
expected,  the  selling  price  of  landlocked  pa: 
eels  with  two  or  more  potential  buyers  h£ 
been  found  to  be  significantly  higher  than  th* 
for  remainder  properties  with  only  one  potei 
tial  buyer;  that  is,  one  abutting  owner.  Ce 
tain  parcels  in  Ohio  with  one  abutting  owm 
were  found  to  have  a  percentage  of  recovei 
of  20  percent  (that  is,  the  selling  price  in  tl 
after  period  was  20  percent  of  the  appraise 
value  before  the  highway),  while  parcels  wii 
two  or  more  abutting  owners  had  a  recovei 
rate  of  about  80  percent  (20).     In  Michiga 
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recover}-  rates  for  parcels  with  one  potential 
buyer  were  found  to  range  from  32  to  57  per- 
cent of  the  former  value  and  from  90  to  113 
percent  for  remainder  parcels  with  two  or  more 
possible  purchasers  (15). 

Research  in  partial  taking  studies  also  has 
provided  assistance  in  forecasting  highway  ef- 
fects by  relating  experience  with  remainder 
parcels  to  such  factors  as  size  of  remaining 
parcel,  size  of  farm  unit  before  the  severance, 
xnd  type  of  potential  purchase.  For  example, 
the  degree  of  damage  sustained  by  a  160-acre 
farm  from  the  loss  of  5  to  10  acres  is  less  than 
that  experienced  by  an  80  acre  farm  from  a 
similar  loss.  In  at  least  one  investigation, 
small  remainder  parcels  were  shown  to  have  a 
lower  rate  of  recovery  than  larger  parcels, 
although  preliminary  findings  from  another 
investigation  showed  no  apparent  correlation 
(V.D. 

The  preceding  discussion  indicates  the  help 
that  these  severance  damage  studies  can  afford 
.'by  providing  authoritative  proof  of  just  what 
can  be  expected  to  happen  to  the  value  of  the 
remainder  parcel  of  land.  Another  accom- 
plishment obtained  from  these  studies  is  a  sign 
that  progress  is  being  made  in  the  objective 
determination  of  highway  effects.  This  is  in- 
dicated by  the  apparent  increase  in  the  expec- 
tation that  appraisals  of  after  values  are  to  be 
supported  by  specific  written  justification,  and 
the  need  for  adequately  supported  appraisals. 

Collection  of  Data  on  Severed  Parcels 

To  develop  a  file  or  bank  of  cases  from  which 
information  on  comparable  sales  experience  for 
severed  parcels  may  be  obtained,  the  Bureau 
of  Public  Roads  and  State  highway  depart- 
ments are  sponsoring  the  use  of  a  standardized 
study  procedure,  which  encompasses  a  manual 
of  procedures  and  suggested  techniques.  Use 
of  this  instructional  material  will  make  pub- 
lished results  and  methods  available  to  high- 
way departments;  this  information  can  be 
helpful  in  solving  controversies  on  valuation. 
The  necessity  for  such  a  bank  of  information 
exists  because  experts,  appraisers,  and  others 
valuing  property  generally  do  so  in  terms  of 
whole  parcels;  real  estate  valuation  experience 
is  most  prevalent  in  the  area  of  whole  parcels. 
Little  analyzed  data  are  available  for  use  in 
determining  the  experience  with  severed  par- 
I  eels  or  partial  takes.  This  bank  will  furnish  the 
;  means  for  developing  comparable  sales  infor- 
mation for  severed  parcels,  according  to  the 
)  procedures  designated  by  the  manual  for 
obtaining  this  factual  information.  The  man- 
i  ual  also  provides  suggestions  for  obtaining  max- 
■  imum  usefulness  from  a  uniform  severance 
damage  form,  which  has  been  developed  by 
the  cooperative  efforts  of  interested  persons 
in  the  various  States,  the  American  Right  of 
Way  Association,  and  the  Bureau  of  Public 
Roads. 

The  recommended  procedures  for  using  the 
severance  damage  data  include  a  description 
of  the  way  in  which  severance  damage  data 
are  to  be  collected  and  processed,  and  a  brief 
description  of  the  types  of  analyses  that  will 
be  feasible  for  mechanizing  the  recording  and 
sorting  of  these   data.     It   is   hoped  that   a 


central  bank  of  information  regarding  similar 
severed  parcels  will  be  available  at  the  Bureau 
of  Public  Roads  for  the  use  of  State  officials. 
With  the  mechanical  sorting  devices  to  be 
used,  it  will  become  possible  to  make  compar- 
able sales  information  available  to  researchers 
and  appraisers  in  the  field. 

The  uniform  schedule  form  used  (PR  1030) 
requests  the  following  data:  General  informa- 
tion on  parcel  location,  type  of  highway,  and 
type  of  access;  description  of  tract,  parcel 
taken,  and  remainder  tract;  relevant  data  on 
taking,  size  and  use  of  parcel,  zoning,  visibilitj  . 
elevation,  appraisal  value,  compensation,  courl 
awards,  and  subsequent  sales.  All  of  the  ele- 
ments of  information  requested  on  this  form 
are  relevant  to  the  establishment  of  parcel 
comparability  and  market  value.  The  details 
requested  on  these  forms  should  make  it  pos- 
sible to  narrow  down  the  comparabilities  so 
that  the  evaluation  of  the  parcels  maj  be 
comprehensible   to   factfinding   bodies. 

Because  of  the  systematic  nature  of  the 
collection  of  severance  damage  eases,  it  is 
expected  that  comparable  sales  inform, 
will  be  made  available  readily  and  that  court- 
room presentation  will  be  facilitated.  The 
comparability  still  will  need  to  be  proved  and 
still  will  be  subject  to  dispute,  but  standardi- 
zation of  procedure  may  eventually  determine 
the  use  of  these  bank  cases  in  all  States. 

Eviden ce  for  Offsets 

These  severance  damage  studies  and  case 
histories  of  individual  severed  parcels  also 
will  be  used  to  indicate  the  amount  of  benefits 
as  offsets  to  damages  and  the  value  of  property 
taken  in  cases  where  such  offsets  are  permitted. 
Where  benefits  may  be  offset,  difficulty  usually 
i-  encountered  in  establishing  the  amount  of 
general  or  special  benefits.  Use  of  these  bank 
cases  also  is  expected  id  make  it  possible  for 
appraisers  to  estimate  the  amount  of  benefits; 
estimates  based  on  elements  that  historically 
have  been  associated  with  similar   cases. 

Despite  the  case  histories  that  will  be  made 
available  from  these  studies,  the  usual 
objection  is  expected  to  be  that  the  amount  of 
offset  to  damages,  if  any,  found  in  such 
studies  does  not  apply  to  the  parcel  under 
consideration  because  the  studies  represent 
property  that  is  different  in  nature,  type, 
location,  etc.,  from  the  property  under 
litigation.  In  the  case  of  the  severed  parcels, 
it  is  hoped  that  the  histories  of  land  parcels 
of  similar  types,  as  valued  through  market 
sales,  will  be  indicative  of  the  value  of  the 
parcel  in  question.  The  utilization  of  land 
value  studies  in  court  work  generally  will  be 
objected  to  on  the  grounds  that,  as  averages, 
the  studies  represent  a  dispersion  of  proper!  ies, 
that  they  deal  with  hearsay,  and  that  I  hey  do 
not  represent  the  property  involved.  In  the 
next  two  sections  of  this  article,  the  current 
status  of  the  law  of  proof,  and  the  possibilities 
of. meeting  the  hearsay  and  other  objections 
are  discussed.  These  discussions  point  the 
way  toward  more  effective  utilization  of  such 
economic  studies  in  the  courts,  and  they 
also  point  out  the  limitations  to  the  use  of 
such  studies. 


PERTINENT    LAWS   OF   EMINENT 
DOMAIN  AND  EVIDENCE 

Introduction 

The  possible  uses  of  economic  evidence 
highway  condemnation  litigation  must  be 
considered  in  light  of  the  pertinent  law  of 
eminent  domain  and  evidence,  and  in  light 
of  the  problems  involved  in  applying  this 
law.  With  this  objective,  the  following 
points  are  examined:  (1)  The  nature  of  the 
condemning  authority's  duty  to  compensate 
those  whose  property  it  takes.  (2)  The  rules 
and  criteria  of  value  whereby  this  com- 
pensation is  measured,  particularly  where  only 
part  of  a  tract  of  real  estate  is  taken  for 
highway  purposes.  (3)  The  types  of  per- 
missible evidence  currently  used  to  prove  the 
property  value,  damages,  and  benefits  desig- 
nated by  these  rules  and  criteria  of  value  as 
components  of  the  property  owner's  just 
compensation. 

In  this  examination  of  the  current  law,  how 
the  types  of  economic  evidence  heretofore 
discussed  would  meet,  existing  inadequacies 
and  thereby  facilitate  a,  more  accurate 
measurement  of  the  property  owner's  just 
compensation  are  considered,  as  well  as  how 
these  types  of  economic  evidence  would  com- 
ply with  the  rules  of  evidence.  The  po- 
tential challenges  raised  by  the  rules  of 
evidence  to  the  admissibility  of  this  economic 
evidence  are  discussed  in  another  section  of 
this  article. 

Constitutional  Provisions  for  Just 
Compensation 

Fundamental  to  the  law  of  eminent  domain 
in  the  United  States  and  in  the  several  Stales 
are  the  Federal  constitutional  provisions  (21) 
that   require  just  compensation  to  be  paid  to 
owners  of  private  property  taken  pursuant  to 
the  power  of  eminent  domain.     These  Federal 
provisions  and  a,  majority  of  the  State  consti- 
tutions (appendix  I,  part  A)  require  only  that 
such  compensation  be  made  to  the  owner  of 
property    taken    by    eminent    domain,     bul 
some  Slate  constitutions  (appendix  I,  part  B) 
extend    the    right    of    just    compensation    to 
owners  of  property  damaged  by  the  exercise 
of  eminent,  domain.     Taking,   in  the   consti- 
tutional sense,  entails  either  actually  entering 
on  the  land  or  depriving  the  owner  of  sub- 
stantially  all   beneficial   use   of  the   property 
{22).     Damaging,  in  the  constitutional  sense, 
occurs  when   uoncondemned  land  either  has 
sustained    an    injury    actionable    at    common 
law  or  has  been  injured  more  than  the  general 
public  by  tin;  physical  disturbance  of  one  of 
the  owner's  rights  therein   (23).     Compensa- 
tion for  taking  is  measured  by  the  proper! 
value  at  the  time  of  taking,  as  defined  (24): 
compensation   for   damaging   is   measured   by 
the     value     depreciation     of     the     damaged 
property    (25).     Thus,    the    exercise    of    the 
eminent   domain  power  requires  ascertaining 
in  every  instance  the  value  of  the  property 
taken  and,  in  some  instances,  both  the  valui 
of  the  property  taken  and  the  value  deprecia- 
tion of  property  not  taken. 


PUBLIC   ROADS  •  Vol.  32,  No.  2 


25 


Value  Criteria  for  Measuring  Just 
Compensation 

The  judiciary,  whose  exclusive  function  it 
is  to  determine  the  exact  amount  of  compensa- 
tion in  each  case,  has  largely  formulated  the 
rules  and  criteria  of  evaluation  in  eminent 
domain  cases.  Courts  generally  have  held 
the  just  compensation  constitutionally  re- 
quired for  the  taking  of  property  to  be  the 
property's  value  at  the  time  of  the  taking 
This  value  lias  been  further  defined,  in 
most  cases,  as  the  property's  market  value 
{27);  but  where  market  value  has  not  been 
reasonably  ascertainable,  courts  have  had 
recourse  to  what  they  term  the  actual  or 
intrinsic  value  of  i  he  propertj   {28). 

The  concept  of  market  value  {20),  especially 
as  applied  to  real  estate,  does  not  readily 
admit  of  concise  and  practical  definition. 
The  practical  application  of  this  concept  in 
condemnation  proceedings  has  led  to  the 
generally  accepted  definition  of  market  value 
as:  The  amount  of  money  that  a  purchaser 
willing  but  not  obliged  to  buy  the  property 
would  pay  to  an  owner  willing  but  not  obliged 
to  -ell  it,  taking  into  consideration  all  uses 
for  which  the  land  was  adapted  and  that 
might  in  reason  be  applied  {80). 

The  constitutional  requirement  of  just 
compensation  for  taking,  from  which  stems 
the  market  value  criterion,  implies  full 
indemnity  to  the  owner  {31).     However,  this 

indemnificat  i extends  only  to  the  value  of 

the  property  taken  and  does  not  guarantee 
that  the  owner  will  receive  a  return  for  his 
investment  in  the  land  {32).  For  purposes 
of  establishing  market  value,  the  land  is 
looked  upon  merely  as  so  much  land  and 
apart  from  its  sentimental  value  to  the  owner 
or  his  willingness  or  unwillingness  to  sell 
it  {33). 

Market  value  criterion 

Under  the  market,  value  criterion  for  estab- 
lishing just  compensation,  all  the  elements  of 
value  that  contribute  to  the  saleable  char- 
acter of  the  land  are  relevant;  that  is,  all  the 
facts  that  an  owner  would  naturally  and 
properly  press  upon  a  prospective  buyer's 
attention,  and  that  naturally  would  influence 
.in  ordinarily  prudent  person  desiring  to  pur- 
chase {24).  Thus,  the  owner  of  condemned 
land  is  entitled  to  have  it  evaluated  in  light 
of  the  highest  and  best  use  to  which  the  land 
can  reasonably  lie  adapted,  irrespective  of  its 
current  use  or  the  owner's  immediate  plans 
for  its  use  (.i5).  However,  only  the  highest 
and  best  uses  legally  permissible  are  those 
that  are  not  remote  or  speculative  and  that 
would  affect  the  present  market  value  of  the 
land  {36). 

The  market  value  criterion  has  been  by- 
passed in  certain  types  of  cases.  The  con- 
demned land  may  have  been  improved  and 
adapted  for  such  a  special  usage  as  not  to  be 
readily  saleable  at  anything  near  its  real 
value  {37)  or  other  circumstances  may  pre- 
clude the  ascertainment  of  market  value  (38). 
The  landowner's  constitutional  right  to  full 
indemnity  for  the  loss  has  led  courts,  under 
these  circumstances,  to  adopt  the  intrinsic 
value    or    value-to-the-owner    criterion    (39). 
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Under  this  criterion,  the  objective  value  of  the 
property,  to  the  owner  or  to  anyone  else  for 
any  special  use  to  which  it  has  been  adapted, 
is  considered  (40).  It  is  frequently  arrived 
at  by  calculating  the  replacement  cost  of  the 
improvements  on  the  land,  less  depreciation, 
plus  the  value  of  the  land  (41). 

Only  the  value  of  the  property  taken  is  to 
be  indemnified  under  the  just  compensation 
for  taking  provisions  of  the  Federal  and  State 
constitutions.  Thus,  the  value  of  the  build- 
ings and  fixtures  thereon  are  properly  com- 
pensable (42).  However,  any  business  oper- 
ated on  such  property,  including  any  goodwill 
appurtenant  thereto  and  any  anticipated 
profits  therefrom,  is  not  considered  a  property 
right  within  the  meaning  of  these  constitu- 
tional provisions  (43).  The  courts  have 
reasoned  that  the  business  is  severable  and 
distinct  from  the  land;  only  where  the  business 
is  taken  over  by  the  condemning  authority 
will  the  owner  be  compensated  for  the  value 
of  the  business  (44)-  The  impact  of  this  rule 
has  been  alleviated  in  many  States.  In  some, 
special  legislation  authorizes  compensation 
for  the  taking  or  damaging  of  a  business  by 
eminent  domain  (45).  In  others,  the  courts 
have  admitted  the  profits  of  a  going  business 
concern  on  condemned  property  as  evidence 
of  its  value  for  its  highest  and  best  use  (46). 
The  restricted  scope  of  this  indemnification 
also  precludes  compensation  for  the  frust  ra- 
tion of  contracts  related  to  the  condemned 
property  (47)  and  for  the  inconvenience  and 
expense  incident  to  being  dispossessed  of  the 
property  (48). 

Modifications  in  Partial  Taking  Cases 

Computing  just  compensation  for  the  con- 
demnation of  only  a  part  of  a  tract  of  land 
raises  a  new  series  of  valuation  problems. 
Even  under  a  mere  taking  provision,  the 
owner  of  a  tract  of  land  is  not  confined  to 
recovery  of  the  value  of  the  land  taken. 
Besides  any  increased  value  that  may  inhere 
in  the  land  taken  because  it  is  part  of  a  larger 
tract  (49),  the  owner  of  such  a  partially  con- 
demned tract  further  is  entitled  to  recover  any 
severance  damage  to  the  remainder  (50). 
These  severance  damages  include  the  correla- 
tive loss  of  any  value  that  may  have  inhered 
in  the  remainder  as  part  of  the  larger  tract 
(51).  They  further  include  any  present  or 
prospective  depreciation  in  the  remainder's 
market  value  that  naturally  and  proximately 
results  from  the  proposed  use  of  the  con- 
demned part.  Any  aspect  of  the  proposed 
use  that  may  detrimentally  influence  a  pro- 
spective purchaser  of  the  remainder  property  is 
considered  in  ascertaining  these  damages  (52). 
Severance  damage  studies,  insofar  as  they 
trace  the  subsequent  market-value  history  of 
land  severed  for  highway  construction,  are 
especially  designed  to  be  of  assistance  in  the 
computation  of  severance  damages. 

Setoff  of  benefits 

Integrated  with  the  assessment  of  severance 
damages  are  the  various  rules  governing  the 
setoff  of  benefits  accruing  to  the  remainder 
parcel  from  the  prospective  use  for  which  the 


land  has  been  condemned.  The  benefits  that 
frequently-  accrue  from  a  public  improvement 
to  neighboring  lands  are  often  the  subject  of 
a  special  assessment  on  the  neighboring  land 
thereby  benefited  (53).  Such  assessments, 
which  serve  to  defray  or  cover  the  cost  of  the 
public  improvement,  are  a  proper  exercise  of 
the  power  of  taxation  (54).  In  most  jurisdic- 
tions, with  various  limitations  hereinafter 
discussed,  the  same  type  of  benefits  are  con- 
sidered in  computing  the  compensation  due  a 
landowner  for  land  partially  taken  by  eminent 
domain.  Accordingly,  prospective  benefits, 
which  will  enhance  the  market  value  of  land 
from  which  condemned  land  has  been  severed 
and  that  are  attributable  to  the  particular 
public  improvement  for  which  the  condemna- 
tion has  been  made  (55),  have  been  setoff 
against  the  compensation  to  which  the  land- 
owner would  otherwise  be  entitled. 

Benefits  have  been  classified  as  either  special 
or  general.  Special  benefits  accrue  in  a  pe- 
culiar way  to  a  particular  tract  because  of  its 
direct  relation  to  the  public  improvement. 
Conversely,  general  benefits  accrue  to  the 
general  public  of  the  community  as  well  as  to 
directly  related  lands.  In  highway  condem- 
nation cases,  courts  usually  have  distinguished 
between  these  two  types  of  benefits  on  the 
basis  of  whether  they  accrue  only  to  lands 
abutting  the  highway  or  to  nonabutting 
lands  as  well  (56).  Thus  benefits  that  accrue 
to  nearby  lands,  which  do  not  abut  the  high- 
way, are  regarded  as  general  benefits  (57). 
However,  benefits  accruing  to  abutting  lands, 
including  land  of  which  no  part  has  been 
taken  and  land  that  has  been  partially  con 
demned,  are  regarded  as  special  benefits  (58) 
Severance  damage  studies,  which  analyze 
the  market  value  development  of  highway 
severed  remainder  parcels,  have  been  designed 
to  assist  in  the  determination  and  measure' 
ment  of  special  and  general  benefits.  With 
respect  to  general  benefits,  however,  a  similai 
service  may  be  provided  by  other  economic 
impact  studies,  which  analyze  the  market 
value  development  of  communities  affected  b| 
highway  development. 

Both  general  and  special  benefits  may  b( 
setoff  in  some  States,  but  only  special  benefit: 
are  deductible  in  a  majority  of  States,  a: 
shown  in  Parts  A  and  C  of  appendix  IJ 
Setoff  of  both  types  has  been  held  perfectls 
consistent  with  the  property  owner's  right  i 
full  indemnification  and,  accordingly,  has  beet 
constitutionally  sanctioned  (59).  Hist  or 
cally,  setoff  has  been  justified  as  an  exercisj 
of  the  power  of  taxation  (60).  Setoff  of  gen 
eral  benefits  has  been  disallowed  prima  rib 
for  two  reasons.  Such  setoff  has  been  regarded 
as  an  unjustly  exacted  payment  from  th 
owner  of  partially  condemned  property  fo 
benefits  equally  enjoyed  by  his  neighbor 
without  charge  (61),  and  general  benefits  als| 
have  been  regarded  as  too  speculative  to  b 
assessable  as  compensat  ion  (62). 

Rules  of  setoff 

The  rules  of  setoff  further  differ  as  to  tn 
elements  of  compensation  from  which  benefit 
may  be  deducted.  Except  in  two  State: 
benefits  are  setoff  against  severance  damage 
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to  the  remainder,  as  shown  in  appendix  II. 
Under  this  rule,  benefits  are  regarded  as  one 
of  the  elements  enhancing  the  property's 
market  value,  only  the  depreciation  of  market 
value  is  compensable  (63).  On  the  other 
hand,  several  States  prohibit  the  setoff  of 
benefits  against  the  value  of  the  property 
taken;  these  States  are  identified  in  appendix 
III.  A  primary  requirement  of  many  of  these 
State  constitutions  is  that  just  compensation 
be  made  in  money,  which  precludes  setoff 
against  the  value  of  the  land  taken  (64). 
[Conversely,  where  setoff  against  the  full  com- 
pensation is  allowed,  it  is  regarded  as  the  only 
rust  allocation  of  cost  between  the  public 
jtreasury  and  the  private  property  owner  (65) . 
Thus,  in  cases  where  part  of  a  tract  of  land 
{is  taken  by  eminent  domain,  determination  of 
fthe  landowner's  just  compensation  will  be 
affected  by  the  rules  of  setoff  in  any  one  of 
five  different  ways,  depending  on  the  local 
law:  (1)  General  and  special  benefits  may  be 
setoff  against  both  the  value  of  the  land  taken 
and  the  severance  damages  to  the  remainder; 
(2)  general  and  special  benefits  may  be  setoff 
only  against  the  severance  damages;  (3)  only 
special  benefits  may  be  setoff  against  the 
value  of  the  land  taken  and  the  severance 
damages;  (4)  only  special  benefits  may  be 
setoff  against  the  severance  damages;  or  (5) 
no  benefits  of  any  kind  may  be  setoff.  Refer 
to  appendix  II  for  information  on  setoff  rules. 
The  cost  of  highway  right-of-way  acquisition, 
which  necessarily  involves  much  partial 
taking,  is  substantially  affected  by  whichever 
setoff  rule  applies.  This  is  illustrated  by 
the  varying  amounts  payable  in  a  hypo- 
thetical situation  shown  in  table  1,  in  which 
the  original  value  of  the  property  was 
$200,000. 

Formulas  for  Computing  Just 
Compensation 

The  several  considerations  incident  to  ascer- 
taining the  condemnee's  just  compensation 
in  partial  taking  cases  have  resulted  in  two 
judicially  created  rules.  Under  the  before- 
and-after  method,  the  condemnation  tribunal 
always  appraises,  according  to  the  same  prin- 
ciples heretofore  discussed,  the  value  of  the 
entire  tract  of  land  before  the  partial  taking 
(66).  Then,  if  no  benefits  are  to  be  setoff,  it 
appraises  the  remainder  without  regard  to  any 


expected  benefits  (67) .  However,  if  any  bene- 
fits can  be  considered,  the  remainder  is 
appraised  in  light  of  those  anticipated  benefits 
that  properly  can  be  setoff  (68).  The  inherenl 
shortcoming  in  use  of  this  formula  lies  in  the 
inability  to  segregate  the  value  of  the  part 
taken  from  the  value  of  severance  damages  to 
the  remainder.  For  this  reason,  it  would 
seem  inadequate  where  benefits  are  to  be  setoff 
only  against  severance  damages.  Although 
the  before  value  may  be  shown  by  comparable 
sales  of  similar  property,  the  very  nature  of  the 
severed  remainder,  which  abuts  the  highway 
after  the  taking,  may  severely  limit  the  avail- 
ability of  comparable  sales  evidence  of  the 
after  value.  However,  severance  damage 
studies,  through  the  classification  and  compi- 
lation of  the  sales  of  similarly  severed  parcels, 
would  provide  such  needed  comparable  sale- 
evidence. 

Value-plus-damages  formula 

As  an  alternative,  the  value-plus-damages 
formula  provides  a  much  more  complex  but 
theoretically  precise  method  of  computing  the 
condemnee's  award  in  partial  taking  cases. 
Under  this  formula,  the  value  of  the  part  taken 
is  appraised  separately  (69) ;  then  the  sever- 
ance damages  to  the  remainder  are  determined 
either  as  a  separate  sum  (70)  or  in  light  of  the 
benefits  properly  setoff  (71).  Where  the 
damages  have  been  separately  computed,  any 
permissible  setoff  benefits  are  assessed  (72). 
Then,  the  final  award  is  computed  by  sub- 
tracting all  properly  setoff  and  properly  as- 
sessed benefits  (73)  from  the  sum  of  the  value 
of  the  land  taken  and  the  severance  damages 
or,  as  determined  by  local  law,  only  from  the 
severance  damages.  Severance  damage  stud- 
ies, by  focusing  on  the  subsequent  history 
of  severed  parcels,  are  especially  geared  to 
provide  reliable  indices  on  severed  remainders 
for  both  the  damages  and  benefits  resulting 
from  highway  takings. 

In  a  comparative  appraisal,  each  of  these 
formulas  appears  to  have  its  own  distinctive 
merits.  Only  the  value-plus-damages  rule 
recognizes  and  theoretically  complies  with  the 
condemnee's  constitutional  and  statutory 
lights  to  be  compensated  in  money  for  land 
taken.  However,  the  artificial  and  complex 
division  of  this  formula  make  it  inherently 
difficult  to  apply.  Under  it,  the  same  element 
of  damage  may  be  assessed  in  duplicate  under 


Table  1.— Example  of  variation  of  compensation  for  property  according  to  provisions  for 

offsetting  benefits  against  damages 


L=$S0,000  =  value  of  land  taken.                                                       Bs=$40,000=special  benefit. 

S=$20,000=severance  damage  to  the  remainder.                           Bg=$50,000=general  benefit. 

Prevailing  rule 

Calculation 

C 

ompensatinn 
due  owner 

1.  In  some  States,  both  special  and  general  benefits  can  be  used  to  offset 
both  land  cost  and  severance  damage. 

(L-fS)-(Bs+Bg) 

$10,  000 

2.  In  some  States,  both  special  and  general  benefits  can  be  used  to  offset 
severance  damage  only. 

L+[S-(Bs+Bg)] 

SO.  000 

3.  In  some  States,  special  benefits  only  can  be  used  to  offset  both  land 
cost  and  severance  damage. 

(L+S)-Bs 

00, 000 

4.  In  a  number  of  States,  special  benefits  only  can  be  used  to  offset  sever- 
ance damage  only. 

L-f-(S-Bs) 

80, 000 

5.  In  two  States,  no  offset  of  benefits  is  permitted -- 

L+S 

100, 000 

different  theoretical  guises  (74).  On  the  other 
hand,  the  before-and-after  rule  stands  ou 
its  simplicity  of  application  and  its  inhi 
capacity  to  reflect  the  value  of  the  land 
taken  and  the  severance  damages.  As  noted, 
the  main  drawback  to  use  of  this  rule  is  the 
inability  to  segregate  the  value  of  land  taken 
from  severance  damages,  in  order  to  assure 
compensation  in  money  for  the  former. 

PROOF  OF  VALUE 

Applicability  of  the  Rules  of  Evidence 

The  concepts  of  value  relating  to  just 
compensation  and  the  formulas  integrating 
them  can  be  effectuated  only  insofar  as  the 
rules  of  evidence  permit.  Each  time  the 
power  of  eminent  domain  is  exercised  to  take 
private  property,  the  quantum  of  the  owner's 
just  compensation  must  be  determined  by  an 
arbiter  of  the  facts.  State  constitutions  and 
statutes  variously  provide  for  this  function 
to  be  performed  by  either  a  board  of  com- 
missioners (75)  or  a  common  law  jury  (76). 
The  board  of  commissioners,  chosen  for  its 
peculiar  skill  and  knowledge  in  property 
valuation,  generally  is  not  bound  by  the  rules 
of  evidence  (77).  Rather,  its  members  are 
simply  charged  to  appraise,  impartially  and 
to  the  best  of  their  skill  and  knowledge, 
according  to  the  substantive  rules  of  valuation 
(78).  In  contrast,  the  common  law  jury, 
not  chosen  for  any  special  knowledge  or  skill, 
is  for  the  most  part  bound  by  rules  of  evidence 
(79).  Hence,  in  proof  of  the  condemned 
property's  value,  the  rules  of  evidence  exclude 
from  the  jury's  consideration  any  evidence 
that  is  not  both  competent  in  itself  and 
material  and  relevant  to  this  issue  (80). 
Severance  damage  studies,  by  the  very  nature 
of  their  subject  matter,  ought  to  be  found 
both  material  and  relevant  to  the  issue  of 
market  value  in  partial  taking  cases;  the 
evidentiary  status  of  these  studies  might  bo 
challenged  on  the  basis  of  competency. 
However,  as  hereinafter  discussed,  properly 
conducted  severance  damage  studies  ought  to 
be  found  sufficiently  competent  to  be  admitted 
as  an  exception  to  the  hearsay  rule,  which  is 
discussed  in  connection  with  the  admissibility 
and  use  of  research  evidence. 

The  Objective  of  Market  Value 
Evidence 

Within  the  scope  of  these  rules,  certain 
types  of  evidence  are  commonly  and  stra- 
tegically used  in  proving  the  market  value  of 
condemned  property.  Market  value  is  not 
simply  an  inherent  quality  of  the  property; 
it  is  largely  a  reflection  of  the  state  of  mind  of 
the  public  with  respect  to  that  property  (81). 
This  state  of  mind  commonly  is  proved  by 
the  opinions  of  qualified  witnesses,  who  testify 
as  to  what  value  they  estimate  the  public 
would  attach  to  the  particular  property  taken 
or  damaged  by  eminent  domain.  This  stale 
of  mind  also  is  frequently  proved  by  deduct  ion 
from  the  prices  paid  in  recent  sales  for  the 
same  or  similar  property,  which  are  admitted 
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as  evidence  of  the  market  value.  By  virtue 
of  the  index  of  this  state  of  the  public  mind, 
which  the  severance  damage  studies  have 
been  designed  to  provide,  these  studies  ought 
to  implement  opinion  testimony  on  the  market, 
value  issue  and  provide  a  broader  scope  of 
sales  evidence. 

Evidence  of  Other  Sales 

Actual  sales  of  the  condemned  property 
not  too  remote  from  the  valuation  date,  when 
the  property  has  been  voluntarily  bargained 
for  in  good  faith,  are  admissible  evidence  of 
the  property's  market  value  {82).  Presenta- 
tion of  this  type  of  evidence  is  most  strategic. 
Any  prospective  purchaser  of  land  is  bound  to 
be  influenced  by  the  price  recently  paid  for 
it  in  a  voluntary  and  bona  fide  sale.  The 
jury  seeking  to  indemnify  a  property  owner  for 
his  loss,  naturally,  is  influenced  by  any  price 
recently  paid  by  him  for  the  property.  The 
mere  fact  that  it  is  the  same  property  pre- 
cludes many  of  the  distracting  collateral 
issues  I  hat  otherwise  would  arise  (83).  Never- 
theless,  such  evidence  is  not  conclusive  of 
the  property's  value  at  the  time  of  taking  (84). 

In  contrast  to  evidence  of  recent  sales  of  the 
condemned  property,  evidence  of  recent  sales 
of  property  similar  to  the  condemned  land 
usually  is  more  readily  available  but  less 
readily  admissible.  Although  evidence  of 
such  sales  is  universally  admissible  to  cross- 
examine  opinion  testimony  (85),  only  a 
minority  of  four  States  now  prohibits  it  use  as 
direct  evidence  of  market  value.  Refer  to 
appendix  III  for  more  information.  However, 
the  law  of  the  majority  of  Stales  favors  the 
soundness  of  admitting  such  sales  as  direct 
evidence  of  market-  value.  Thirty  States 
expressly  allow  such  sales  as  independent 
evidence  of  market  value;  those  of  the  re- 
maining States,  whose  courts  have  considered 
this  kind  of  evidence,  all  tend  to  give  it  some 
affirmative  probative  value,  and  recently,  in  a 
noticeable  changeover,  a  number  of  former 
minority  States  have  adopted  the  majority 
rule  (86). 

Very  cogent  reasons  support  the  admissi- 
bility of  such  sales,  either  as  independent 
evidence  of  market  value  or  in  support  of 
opinion  testimony.  Market  value,  the  crite- 
rion of  just  compensation,  is  the  price  at  which 
property  sells  in  the  open  market.  When 
made  under  normal  and  fair  conditions,  such 
sales  are  by  their  very  nature  a.  more  valid 
indication  of  market  value  than  the  specula- 
tive opinions  of  witnesses  (87).  Thus,  when 
offered  in  support  of  such  testimony,  sales 
evidence  enhances  the  testimony  and,  when 
offered  as  independent  evidence,  provides  a 
firm  basis  for  any  condemnation  award  for 
which  other  kinds  of  evidence  may  be  ignored. 
Severance  damage  studies,  insofar  as  thej  .-ire 
based  on  comparable  sales  of  severed  parcels, 
oughi  to  he  accorded  equally  strong  probative 
value. 

Inherent  drawback 

The  inherent  drawback  to  use  of  recent  sales 
of  similar  property  as  evidence  is  the  multitude 
of  collateral  issues  that  each  such  sale  raises. 


For  each  such  sale  proffered  in  evidence,  the 
court  often  decides  as  preliminary  questions  of 
fact  the  numerous  issues  of  comparability, 
proximity,  and  voluntariness,  hereinafter  dis- 
cussed. Furthermore,  for  each  such  sale  ad- 
mitted in  evidence,  the  jury  must  decide 
wherein  and  to  what  extent  the  recently  sold 
parcel  differs  from  the  condemned  parcel  and 
must  make  allowance  for  such  differences  in 
arriving  at  the  latter's  value  (88).  The  multi- 
tude of  these  collateral  issues  by  their  digres- 
sive effect,  especially  when  multiplied  by  the 
number  of  comparable  sales  introduced,  may 
substantially  impede  the  valuation  procedure. 
For  this  reason,  the  number  of  comparable 
sales  admissible  in  any  one  case  may  be 
regulated  by  the  court  (89).  As  heretofore 
discussed,  the  admission  of  statistical  surveys 
would  require  the  court  to  determine,  as  a 
preliminary  question  of  fact,  whether  the 
proper  methodology  had  been  followed  in 
conducting  the  survey  to  establish  its  relia- 
bility as  evidence.  However,  once  this  collat- 
eral issue  had  been  resolved,  a  much  broader 
scope  of  comparable  sales  evidence  would  be 
available  to  the  jury. 

Restrictions 

Certain  requirements  of  similarity  and  prox- 
imity restrict  the  admission  of  all  sales  of 
similar  property.  The  property  sold  must  be 
sufficiently  similar  in  character  and  geograph- 
ically proximate  to  the  condemned  property  to 
be  useful  in  reflecting  the  latter's  market 
value  (90).  The  exact  degree  of  each  quali- 
fication required  in  each  case  is  determined 
largely  by  the  trial  court  within  its  discre- 
tionary power  (90).  However,  certain  ele- 
ments of  similarity  are  almost  universally 
demanded  by  the  courts.  Where  nearness  to 
schools,  churches,  transportation,  and  shopping 
centers  substantially  influences  the  value  of 
property,  only  sales  of  property  located  a 
similar  distance  from  these  public  facilities 
may  be  admissible  as  comparable  (91).  Where 
the  highest  and  best  use  of  a  tract  of  land  is  for 
agricultural  purposes,  sales  of  more  distant 
property  with  soil  of  a  similar  character  may 
be  deemed  sufficiently  similar  to  be  admissible 
(92). 

Where  the  condemned  property  lias  been 
adaptable  for  such  a  special  highest  and 
best  use  that  sales  of  similarly  adaptable 
property  in  the  same  community  were  not 
available,  the  requirement  of  ^geographical 
proximity  has  been  largely  abrogated  (93). 
For  the  same  reason,  1  he  market  value  of 
severed  lands  with  a  special  highest  and  best 
use  because  of  their  adjacency  and  access 
to  a  major  highway  ought  to  be  provable  by 
the  sales  price  of  a  comparable  remainder  in 
another  community.  Similarity  in  the  topo- 
graphical features,  size,  and  shape  of  the  two 
parcels  also  ought  to  be  considered  (94). 
If  the  individual  sales  compiled  in  severance 
damage  studies  were  to  be  introduced  in 
evidence,  each  such  sale  would  be  subjected 
to  these  same  tests  of  comparability.  How- 
ever, if  a  survey  of  such  sales  made  in  a 
severance  damage  study  were  to  be  admitted 
in  aggregate  form,  the  comparability  of  the 
sales  included  would  be  shown  by  an  exam- 


ination of  the  methodology  and  criteria  used 
by  those  who  conducted  the  survey. 

Timeliness 

Furthermore,  to  be  admissible  as  evidence, 
sales  of  similar  land  must  be  so  proximate  in 
time  to  the  date  when  the  condemned  prop- 
erty was  taken  as  to  furnish  an  indication  of 
value  at  the  latter  date  (95).  The  permis- 
sible interval  depends  partly  on  the  stability 
of  market  conditions  and  the  availability 
of  more  recent  sales  but  ultimately,  in  each 
case,  it  is  determinable  by  the  court  within 
its  broad  discretionary  power  (95).  The 
timeliness  of  sales  included  in  severance 
damage  study  surveys  easily  could  be  shown 
by  the  survey  director's  testimony. 

Both  recent  sales  of  the  condemned  prop- 
erty and  recent  sales  of  similar  property,  in 
order  to  be  admissible,  must  have  been 
voluntary  and  the  property  bargained  for  in 
good  faith  (96).  The  requirement  of  volun- 
tariness precludes  admission  of  evidence  of 
sales  wherein  either  party  acted  under  any 
coercion.  Thus,  where  the  threat  of  con- 
demnation or  the  need  to  sell  out  or  purchase 
with  undue  haste  has  induced  either  party  to 
consummate  a  sale,  such  a  sale  is  not  admis- 
sible evidence  (97).  On  this  basis,  a  majority 
of  the  States  exclude  all  sales  to  a  condemnor 
or  purchaser  with  the  power  of  eminent 
domain  (96).  To  assure  that  such  sales 
evidence  reflects  market  value,  only  such  sales 
as  were  bargained  in  good  faith  by  both 
parties  are  admissible  (76).  Thus,  only  sales 
made  by  parties  capable  and  desirous  of 
protecting  their  own  interests  are  admissible. 
The  voluntary  and  good  faith  nature  of  sales 
included  in  severance  damage  studies  is  one 
of  the  facts  ascertained  by  those  who  conduct 
such  studies.  Thus,  the  exact  degree  of 
voluntariness  and  good  faith  common  to  all 
such  sales  included  in  any  survey  introduced 
in  evidence  could  be  ascertained  by  examining 
those  who  conducted  the  survey. 

Evaluating  sales  evidence 

When  a  sale  of  similar  property  has  been 
ruled  admissible,  it  is  merely  deemed  suffi- 
ciently similar  to  be  helpful  in  evaluating  the 
condemned  property.  Both  parties  are  then 
entitled  to  introduce  evidence  of  the  differ- 
ences between  the  two  properties  to  showi 
wherein  and  to  what  extent  the  condemned 
property's  value  is  greater  or  lesser  (99).  A 
severance  damage  study  survey,  when  ruled 
admissible,  also  might  be  shown  on  examina- 
tion of  the  study  director  to  have  been  based 
partially  on  dissimilar  sales.  Thus,  the 
admission  in  evidence  of  such  a  survey  would 
not  preclude  either  party  from  showing 
wherein  the  condemned  property's  valut 
should  not  be  governed  by  the  survey 
However,  severance  damage  studies  by  tha 
breadth  of  their  scope  would  weigh  heavily 
against  any  speculative  valuation  of  tin 
condemned  property. 

When  such  sales  are  admitted  as  independ- 
ent evidence  of  value,  the  sales  price  must  be 
proven  with  as  much  formality  as  other  mate- 
rial facts.     Thus,  those  considered  competent] 
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to  testify  to  the  prices  paid  in  such  sales  are 
persons  who  were  parties  or  brokers  to  such 
sales  or  who  in  some  other  manner  knew  of 
,he  price  paid  of  their  own  knowledge  (100). 
Accordingly,  the  mere  recital  of  consideration 
n  a  deed  and  other  hearsay  sources  of  price 
nformation  arc  not  admissible  (101).  How- 
>ver,  the  Federal  revenue  stamps  affixed  to 
eal  estate  deeds  have  been  admitted  as  evi- 
lence  of  the  amount  of  consideration  (102). 
Thus,  the  sales  price  information  collected  in 
everance  damage  studies  would  be  reliable 
md,  therefore,  competent  evidence  so  long  as, 
n  the  conduct  of  the  study,  this  information 
vas  taken  either  from  interviews  with  parties 
o  the  transactions  or,  in  some  States,  from 
he  Federal  revenue  stamps  on  the  deeds. 

Opinion  Evidence 

Historically,  market  value  has  I n  regarded 

ly  the  courts  as  merely  a  matter  of  opinion 
103).  To  assist  the  condemnation  jury  in 
orming  its  opinion  of  the  market  value  of 
iroperty  taken  or  damaged  by  the  exercise  of 
minent  domain,  the  opinion  testimony  of 
hose  with  special  knowledge  relating  to  the 
property's  value  is  admissible  evidence  (104). 
luch  opinion  evidence,  however,  is  merely 
dvisory  and,  accordingly,  not  binding  on  the 
ury  (105). 

Consistent  with  the  rationale  for  the  adrnis- 
ibility  of  all  opinion  testimony,  such  opinions 
nay  be  given  only  by  those  possessed  of  some 
pecial  knowledge  or  skill  deemed  valuable  to 
he  jury  in  forming  its  conclusion  (106).  In 
ondemnation  proceedings,  real  estate  experts 
re  considered  competent  everywhere  to  give 
pinion  testimony  on  the  property's  market 
■alue  (107),  and  in  some  States  neighboring 
lesidents  and  businessmen  also  are  considered 
ompetent  to  so  testify  (108).  Moreover,  in 
ddition  to  their  respective  special  knowledge 

Ir  skills,  all  condemnation  value  opinion  wit- 
esses  must  possess  certain  factual  knowledge. 
Jl  must  be  both  personally  acquainted  with 
he  condemned  property  and  personally  fa- 
diliar  with  the  state  of  the  market  in  that 
rea  (109). 

Those  who  have  bought  and  sold,  valued, 
r  managed  real  estate  in  the  community  are 
leemed  to  have  acquired  therefrom  such  skill 
i  appraisal  and  such  knowledge  of  property 
alues  as  to  be  real  estate  experts  competent 
o  give  opinion  testimony  (107).  Such  ex- 
ierts  also  must  have  a  personal  knowledge 
f  the  condemned  property  and  market  con- 
itions  in  the  area.  Accordingly,  they  must 
ase  their  testimony  on  characteristics  and 
onditions  that  they  actually  have  observed 
ather  than  on  hypothetical  conditions  (110). 
)nly  in  the  absence  of  a  market  value  are 
pecialized  experts  competent  to  give  opinion 
estimony  regarding  the  property's  intrinsic 
'['alue  (111).  Real  estate  expert  testimony 
las  been  regarded  as  the  most  practical  me- 
lium  of  presenting  to  the  jury  the  appraisal 
lypotheses  on  which  either  party  seeks  to 
liave  the  condemnation  award  based  (112). 
3oth  severance  damage  studies  and  other 
■conomic  impact  studies  would  provide  a 
neans  of  testing  such  a  witness's  expertise 
n  appraising  property  affected  by  a  highway. 
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Lay  witnesses 

In  a  majority  of  jurisdictions,  neighboring 
residents  and  businessmen  are  deemed  compe- 
tent to  give  opinion  testimony  (113).  This 
competence  is  premised  on  the  special  familiar- 
ity with  local  real  estate  values  that  they  are 
presumed  to  have  acquired  by  their  long- 
standing activity  and  interest  in  the  ana 
(114)-  Such  lay  witness.-  are  not  deemed  to 
possess  any  special  appraisal  skill;  rather,  it  is 
their  special  familiarity  with  local  values  that 
qualifies  them  to  give  value  opinion  testimony 
(115). 

The  speculative  nature  of  such  testimony 
perhaps  is  best  illustrated  by  a  recent  Missouri 
highway  condemnation  case  (116)  in  which 
the  only  opinion  witnesses  on  value  were  two 
neighboring  farmers.  An  award  of  $400  was 
determined  by  commissioners.  Both  parties 
appealed  to  the  circuit  court  for  a  jury  trial. 
On  the  before-and-after  basis,  one  farmer's 
testimony  would  have  warranted  an  award  of 
$4,725,  and  the  other's  testimony,  an  award  of 
$2,500.  Apparently  influenced  by  these  lay 
witnesses,  the  jury  awarded  $2,000.  Where 
no  real  estate  experts  who  are  familiar  with 
the  condemned  property  and  values  in  its 
surrounding  area  are  available,  use  of  such  lay 
witnesses  may  be  the  only  available  means  of 
proving  value.  In  such  a  situation,  severance 
damage  studies  ought  to  provide  both  a  ready 
selection  of  sales  of  comparably  severed 
parcels  and  a  more  reliable  index  of  the 
remainder's  value  through  survey  evidence. 
Furthermore,  economic  impact  studies  relating 
to  the  area  of  the  condemned  property  might 
be  used  to  cross-examine  the  lay  witness  on 
his  knowledge  of  local  real  estate  values. 

Owners'  opinions 

The  owner  of  the  condemned  property  is 
deemed  competent  to  give  his  opinion  of  the 
property's  value  by  virtue  of  the  knowledge 
thai  he  is  presumed  to  have  as  owner  (117). 
Although  this  type  of  testimony  is  competent 
as  a  matter  of  law,  the  condemnee's  natural 
bias  has  been  said  to  derogate  from  the  weight 
that  a  jury  would  otherwise  accord  to  it.  For 
this  reason,  it  has  been  su^veMed  that  such 
testimony  serves  little  more  than  to  enable 
the  owner  to  personally  present  his  claim  to 
the  jury  (118).  Cross-examination  on  the 
basis  of  severance  damage  studies  ought  to 
both  substantiate  reasonable  claims  expressed 
in  testimony  by  such  an  owner  and  delineate 
the  true  nature  of  any  speculative  claims 
proffered  by  him. 

All  opinion  testimony  on  the  condemned 
property's  value  must  be  based  on  the  sub- 
stantive rules  of  valuation  heretofore  dis- 
cussed (119).  In  support  of  his  opinion,  on 
direct  examination,  the  condemnation  value 
witness  should  give  the  facts  on  which  the 
valuation  is  based  (120).  These  facts  indi- 
cate the  extent  of  the  witness's  familiarity 
with  the  condemned  property.  This  famil- 
iarity naturally  affects  the  weigh!  that  the 
jury  will  accord  to  the  testimony.  Such 
supporting  evidence  has  been  held  indispen- 
sable to  sustain  the  opinion  (121).  The 
reasons  or  general  principles  on  which  the 
opinion  is  based  also  may  be  given  on  direct 


examination  (122),  even  though  they  are 
frequently  left  to  be  extracted  on  cross- 
examination.  Severance  damage  study  sur- 
veys and  other  economic  impact  studies 
should  be  of  help  by  providing  facts  that  can 
be  relied  upon  by  the  expert  opinion  wit  • 

Supporting  data 

The  supporting  data  to  which  the  opinion 
witness  testifies  must  be  relevant  and  com- 
petent (123).  Thus,  with  few  exceptions,  the 
opinion  witness  can  testify  on  direct  examina- 
tion only  to  such  data  as  would  be  admissible 
as  independent  evidence.  Even  though  not 
admissible  as  independent  evidence,  in  some 
jurisdictions  comparable  sales  are  admissible 
in  support  of  opinion  testimony  on  market 
value,  as  shown  in  appendix  III.  However, 
the  hearsay  rule  has  been  somewhat  relaxed  in 
its  application  to  the  supporting  data  offered 
by  expert  opinion  witnesses  (124).  The 
Oregon  Supreme  Court  seems  to  have  fash- 
ioned another  exception  to  the  hearsay  rule; 
it  has  held  that  a  real  estate  appraiser  may 
properly  introduce,  as  supporting  evidence 
for  his  expert  opinion,  reports  made  by  other 
investigators  that  he  deems  reliable  (125). 
Other  courts  have  indicated  a  similar  inclina- 
tion (126).  Severance  damage  studies  and 
other  economic  impact  studies  would  seem  to 
qualify  under  such  a  hearsay  exception.  The 
need  for  hearsay  exception  to  allow  the  use  of 
these  studies  as  evidence  is  discussed  in  the 
next  section  of  this  article. 

ANALOGIES  TO  OTHER  FIELDS 
OF  LAW 

The  need  for  improvement  in  means  for 
determining  fair  compensation  for  land  taken 
for  highways  has  been  described.  The  rapid 
changes  in  evidentiary  practice  occurring  in 
other  fields  of  law  have  not  extended  to  the 
conventional  rules  governing  the  admissibil- 
ity of  evidence  in  condemnation  cases  involv- 
ing land  acquisition,  particularly  for  highway 
right-of-way.  Avoidance  of  the  use  of  many 
types  of  economic  facts  in  highway  condemna- 
tion proceedings  has  been  cited;  particularly 
noted  were  some  cases  in  which  the  courts' 
decisions  were  required  as  to  valuations  for 
remainders  in  partial  takings,  evaluation  of 
benefits  or  damages  resulting  therefrom,  and/ 
or  predictions  of  possibilities  and  probabilities 
of  the  effects  of  partial  takings  on  remainders. 
Ways  and  means  of  ascertaining  the  answers 
for  the  problems  posed,  and  related  problems, 
heretofore  have  not  been  available.  The 
difficulties  engendered  in  obtaining  the  ad- 
mission of  economic  research  evidence  in  high- 
way cases  probablj  have  resulted  either  from 
a  lack  or  a  shortage  of  economic  factual  data 
with  which  to  make  and  support  land  valua- 
tions. A  simplification  and  liberalization  of 
the  present  exclusionary  rules  is  needed;  this 
would  permit  the  use  of  economic  research 
evidence  and  thereby  allow  more  extensive 
reference  to,  and  reliance  on,  data  obtained  by- 
land  economic  studies,  statistical  surveys, 
samples,  and  opinion  polls.  Such  data  would 
serve  as  aids  to  the  courts  for  ascertaining  tie' 
economic  facts  relevant  to  the  determination 
of  land  valuations. 
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Recognition  of  Research  Evidence 

Despite  the  frequent  exclusion  of  research 
evidence  as  a  device  for  evaluating  land  in 
condemnation  proceedings,  judicial  recognition 
and  acceptance  of  certain  types  of  research 
evidence  have  occurred  in  various  areas  of 
litigation  that  may  be  applicable,  to  eminent 
domain  cases.  Statistical  data,  summarized 
in  census  and  other  reports,  and  mortality  and 
annuity  tables  are  judicially  noticed  and  at 
times  have  been  admitted  into  evidence  with- 
out a  showing  of  the  trustworthiness  of  the 
report  or  table.  Various  fields  of  commercial 
law,  both  private  and  public,  have  resorted  to 
the  findings  of  economic  research.  Market 
reports  and  price  lists  are  admitted  as  evidence 
for  the  determination  of  the  value  of  personal 
property.  Authoritative  works  of  scholarship, 
traffic  surveys,  and  socio-economic  data  are 
admitted  into  the  courts  as  independent 
evidence. 

In  this  section,  it  is  the  intention  to  point 
the  way  toward  the  admission  of  similar  re- 
search evidence  in  condemnation  proceedings. 
"Law  is  a  progressive  thing.  It  is  an  expan- 
sive thing,  adapting  itself  to  new  relations  and 
interests  of  men.  They  are  constantly  spring- 
ing up  in  the  progress  of  society.  But  this 
progress  must  be  by  analogy  to  what  is  already 
settled"  {127).  Analogy,  then,  is  the  key- 
stone of  this  section.  If  economic  data  can 
be  admitted  in  the  form  of  census  reports  and 
statistical  tables  and  used  as  a  yardstick  for 
determining  the  value  of  personal  property, 
these  data  should  be  usable  as  independent 
evidence  and  as  circumstantial  evidence,  where 
necessary,  on  which  the  expert  can  rely  in 
determining  land  valuations. 

The  emphasis  here,  therefore,  is  to  present 
the  state  of  the  law  and  practice  in  the  ad- 
mission and  use  of  research  evidence  in  various 
types  of  cases,  and  to  advocate  the  use  of 
economic  research  evidence  in  condemnation 
proceedings. 

Previously,  the  applicability  of  various 
kinds  of  evidence  in  condemnation  proceed- 
ings was  discussed.  Parallel  to  a  study  of 
this  nature  are:  (1)  A  consideration  of  the 
besl  methods  of  preparation  and  presentation 
of  research  evidence.  (2)  A  formulation  of 
standards  to  guide  lawyers  and  courts  in  the 
presentation  of  economic  research  findings  of 
various  kinds.  (3)  An  analysis,  where  eco- 
nomic research  is  germane,  of  widely  differing 
situations  and  their  classifications.  (4)  The 
limits  on  admissibility  of  economic  research  in 
courts  of  law.  These  various  points  will  be 
referred  to  only  indirectly  as  they  are  not  t he- 
principal  subject  of  this  study. 

Objectives 

The  doctrines  of  evidence,  their  applica- 
tions, ami  the  decisions  stating  them  are  as 
numerous  as  the  sands  of  the  sea.  Therefore, 
the  treatment  here  on  the  admissibility  of  re- 
search evidence  is  highly  selective  and  demon- 
strative, with  no  pretensions  to  completeness. 
The  objective  is  to  furnish  the  appraiser  and 
the  lawyer  with  a  starting  point  for  improving 
measures  of  determining  land  values,  so  that 
the  landowner  whose  property  is  taken  or 
damaged  will  receive  fair  compensation.     The 


admission  of  the  results  of  economic  research 
is  one  direction  in  which  improvement  may 
be  made.  Hence,  a  study  of  the  use  of  eco- 
nomic research  evidence  in  the  areas  of  law 
where  it  is  accepted  and  an  understanding  of 
its  application  are  indispensable  to  those 
recommending  its  use  in  condemnation 
proceedings. 

Admissibility   and    Use    of   Research 
Evidence 

Factfinding  is  the  pillar  on  which  all  judicial 
applications  of  law  depend  {128).  Ascertain- 
ing facts  is  not  always  limited  to  the  deter- 
mination of  facts  and  circumstances  within 
the  knowledge  of  a  relatively  small  group, 
namely,  the  parties  to  the  action  and  their 
supporting  witnesses.  Frequently,  complex 
issues  in  dispute  compel  recourse  to  an  almost 
boundless  group  from  which  information  is 
collected,  analyzed,  and  summarized  in  order 
to  make  generalizations,  which  are  reflected 
in  statistical  tables  or  series.  Whether  this 
type  of  factual  statistical  data  is  hearsay  {129) 
and,  if  so,  whether  necessity  or  practical  con- 
venience provides  sufficient  justification  for 
excepting  it  to  the  tenets  of  the  hearsay  rule 
is  a  matter  begging  judicial  decision. 

Admission  or  refusal  of  such  hearsay  data 
(or  the  acceptance  of  some  hearsay  evidence 
and  rejection  of  some)  is  based  on  judicial 
recognition  that  hearsay  is  not  all  more  or 
less  alike  or  amenable  to  being  dealt  with  in 
a  simple  or  uniform  manner.  There  are  many 
types  of  hearsay  evidence  {130) ;  they  are  as 
numerous  and  as  variegated  as  the  types  of 
communication,  ranging  from  third-stage 
rumors  to  sworn  affidavits  of  credible  ob- 
servers {131).  Correspondingly,  the  trust- 
worthiness of  hearsay  evidence  scales  from 
utter  worthlessness  to  the  highest  reliability 
and  depends  upon  the  human  frailties  of 
perception,  memory,  and  veracity.  Such 
recognizance  concedes  that  evidence  is  not 
taboo  merely  because  of  its  hearsay  nature, 
but  that  recognition  of  hearsay  evidence  and 
its  admission  depends  on  the  court's  deter- 
mination of  its  reliability. 

Statistical  data  accepted  as  evidence 

Only  two  types  of  statistical  or  survey  data 
are  unquestionably  admitted  as  independent 
evidence  for  the  truth  of  the  matter  asserted 
therein  {132).  These  two  surveys  are  the 
U.S.  Census  reports,  samples  as  well  as  com- 
plete enumerations  {133),  and  mortality  tables 
used  in  the  computation  of  annuities,  life 
insurance  sums,  dower,  and  damages  for  loss 
of  life  {134).  In  addition  to  their  admission 
into  evidence,  they  also  may  be,  and  frequently 
are,  judicially  noticed  by  the  court  {135),  with 
all  evidence  to  prove  the  facts  contained  there- 
in being  dispensed  with.  Even  if  admitted 
into  evidence,  the  party  proffering  them 
usually  is  not  required  to  make  a  preliminary 
showing  as  to  their  source,  methods  of  com- 
pilation, authenticity,  or  reliability  {136). 

The  courts  have  explained  that  census  re- 
ports have  a  status  of  admissibility,  which  is 
withheld  from  other  research  reports,  because 
of:   (1)    The    confidence    commanded    by   the 


disinterested  manner  in  which  census  reports 
are  compiled,  (2)  the  trustworthiness  and 
reliability  of  the  expertness  reflected  therein, 
and  (3)  the  impossibility  of  verifying  data 
provided  by  interviewers  because  such  infor- 
mation is  of  a  privileged  nature  {137) . 

Mortality  tables  have  been  admitted  on 
the  general  principle  that  they  are  founded 
on  certain  and  constant  data  and  deal  with 
exact  sciences  {138).  Such  a  reason  seems 
to  imply  that  every  collection  of  figures  that 
savors  of  the  exact  sciences  is  sufficient  to  be 
admitted;  but,  present  day  practices  discredit 
such  a  notion.  The  more  plausible  reason 
for  their  admission,  to  the  exclusion  of  others, 
is  that  the  admission  of  this  collection  of 
data  is  demanded  by  custom  and  practical 
convenience  and  is  relied  upon  by  those 
members  of  the  general  public  interested  in 
such  data  {138).  Consequently,  the  judiciary 
has  relented  to  its  use  in  the  absence  of  a 
better  yardstick  for  its  problem-solving  tasks 
{135). 

The  admissibility  of  standard  tables  or 
reports  of  scientific  calculations  of  all  sorts,  as 
discovered  in  severance  damage  studies, 
economic  impact  studies,  and  other  research 
results,  in  some  circumstances  may  be 
argued  for  on  the  analogy  of  this  exception  for 
U.S.  Census  reports  and  mortality  tables  {138). 
Whether  such  a  general  rule  can  be  regarded  as 
established  on  the  basis  of  the  admission  of 
such  data  is  doubtful,  but  some  decisions  have 
been  made  that  would  seem  to  suggest  this 
trend  {139). 

Commercial  lists  and  reports 

Recognition,  as  being  within  an  exception 
to  the  hearsay  rule,  is  also  given  to  cert  ah 
commercial  and  professional  lists  and  reports 
namely,  market  reports,  price  lists,  am 
quotations  contained  in  newspapers  and  trad 
journals  {140).  "These  documents  may 
described  as  privately  printed  document 
published  for  the  use  of  the  trade  or  profes 
sion,  or  public  generally,  containing  stat 
ments  of  contemporaneous  facts  that  ar 
accepted  as  reliable  and  acted  upon  by  persoi. 
to  whom  they  are  furnished,  and  attainii 
currency  solely  because  of  the  accuracy 
their  statements''  {141).  Their  admission  i 
some  cases  is  premised  upon  judicial  principal 
(/./,.'),  in  others,  upon  statutory  mandate 
{143)  that,  in  most  instances,  have  carrh 
out  hints  originally  given  by  the  courts. 

Such  data  are  deemed  to  be  compete) 
evidence  of  the  state  of  the  market  ar 
sufficient  for  informing  courts  of  justice  as 
market  value,  because  they  are  based  upon 
general  survey  of  the  whole  market  ai 
because  they  constantly  are  being  receivij 
and  acted  upon  by  persons  who  transact  coi 
mercial  operations  on  the  faith  of  them  {14 
Their  trustworthiness  is  found  in  the  fact  th 
1  hise  commercial  lists  are  prepared  for  use  l 
the  trade  or  profession  and  are,  therefo 
habitually  made  with  meticulous  care  a: 
accuracy  so  that  they  will  be  resorted  to  a 
relied  upon  for  business  and  commercial  pi 
poses.  Also,  the  composers  and  writers 
these  reports  and  lists  know  that  their  wc 
will  have  no  commercial  or  professional  marl 
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value  unless  it  is  accurate,  and  that  any  in- 
accuracies more  than  likely  will  be  discovered. 
Moreover,  composers  and  writers  of  com- 
mercial lists  have  no  motives  to  deceive  the 
users  thereof.  The  constant  use  of  such 
reports  and  lists  also  tests  their  accuracy  and 
sanctions  their  reliability  (Ho). 

Unlike  census  reports  and  mortality  tables, 
market  reports  and  price  lists  have  not  en- 
joyed the  status  of  being  universally  admitted, 
without  attached  qualifications,  as  an  excep- 
tion to  the  hearsay  rule.    An  appreciable  num- 
ber of  States  follow  the  Michigan  rule  (I46), 
which   requires   some   evidence   to   show:    (1) 
either   how   the   trade   journal    or    newspaper 
obtains  its  information  or  (2)  that  those  deal- 
ing in  the  trade  or  profession   rely   on  such 
newspaper   or  journal   for   information   as  to 
market  value.     A  few  courts  have  yet  to  de- 
part from  the  application  of  the  strict  New 
York  rule  {147),  later  modified  by  New  York 
(148),  that  requires  a  prior  showing  of  source 
and  method  of  compilation.     Such  a  require- 
ment can  present  almost  insuperable  problems 
of  proof  in  cases  where  the  market  value  at  a 
distant  point  is  in  issue  and  it  becomes  neces- 
sary to  use  documents  that  originated  at  that 
point,  and/or  when  the  market  report  covers 
a  large  region  or  even  the  whole  country  (149). 
jSeveral    jurisdictions    consistently    have    ad- 
mitted  documentary   evidence   as  to   market 
value  without  a  decision  as  to  the  necessity 
pf  a  prior  showing  of  trustworthiness;  many 
of  these   decisions   are   accompanied   by  lan- 
guage that  raises  a  question  as  to  whether 
any  such  foundation  was  laid  or  was  required 
to  be  laid  (150). 

No  question  is  raised  here  as  to  whether  a 
prior    showing    of    trustworthiness    or    some 
substitute  therefor  is  a  proper  rule  for  ad- 
mitting  such    documentary    evidence.      It   is 
indeed  rare  to  regard  as  reversible  error  the 
failure  to  require  a  preliminary   showing  of 
feource  or  general  reliance  in  the  introduction 
of   documentary   evidence.      In    many    cases, 
such  a  preliminary  showing  has  consisted  only 
of  testimony  by  the  party  offering  the  docu- 
ment (151).     It  is  questionable  whether  such 
a  showing  constituted  any  greater  guarantee 
of  trustworthiness  than   the   document  itself 
provided.      If  the   opposing  party  has  equal 
access  to  price  information  and  market  data 
and  equal  opportunity  to  introduce  evidence 
on   a   point    under   the   adversary   theory    of 
procedure,  he  should  not  be  allowed  to  win 
the  point  without  doing  more  than  standing 
Kip  to  object.     In  some  cases,  the  time  and 
taoney  involved  in  the  trial  of  a  lawsuit  has 
peen  ignored,  and  recovery  on  an  admittedly 
igood  cause  of  action  has  been  limited  to  nomi- 
faal  damages  because  of  the  failure  to  make  a 
'showing  (152). 

;OraI  testimony 

As  a  corollary  to  the  admission  of  commer- 
cial documents,  it  would  seem  that  oral  testi- 
mony based  on  such  documents  would  be  ad- 
missible. Such  an  inference  has  not  been  sub- 
stantiated by  case  law.  While  most  States 
(permit  an  expert  to  base  his  testimony  on  such 
documents  (153),  it  has  been  held  by  a  small 
[minority  that  such  oral  testimony  was  incom- 
petent  when    based    solely    on    documentary 


sources.  This  minority  ruling  has  been  based 
on  the  startingly  incompatible  ground  that 
the  documents  themselves  would  not  be 
admissible  because  they  were  not  the  best 
evidence  (154).  Seemingly,  such  decisions 
leave  ample  room  for  the  use  of  documentary 
sources  by  experts,  but  prohibit  the  mere 
parroting  of  documents  by  the  unqualified 
and  place  attention  on  the  credibility  of  the 
writing  itself  (155).  An  overwhelming  ma- 
jority of  decisions  on  the  proof  of  market 
value  by  the  use  of  documentary  sources  lias 
involved  the  use  of  the  documents  themselves 
as  evidence,  and  not  as  sources  for  oral  testi- 
mony. Such  a  practice  leads  to  the  conclusion 
that,  in  practice  at  least,  commercial  and 
professional  circles  have  adopted  the  better 
alternative. 

The  disinterest  in  the  subject  matter  by 
those  preparing  them  and  the  reliability  of 
market  reports  and  lists  of  current  prices  in 
journals  and  newspapers  used  by  the  trade, 
as  well  as  census  reports,  mortality  tables,  or 
authoritative  works  in  any  field  of  scholar- 
ship, would  seem  to  warrant  their  use  in  the 
courtroom  as  equal  evidence  of  the  facts 
contained  therein  (156).  The  legislators  in  a 
few  States  have  tried  to  establish  this  tenor 
of  equality  by  enacting  statutes  authorizing 
the  use  of  such  works  as  evidence  as  ".  .  . 
facts  of  general  notoriety  and  interest" 
(158).  The  courts  generally  have  declined  to 
sanction  a  broad  exception  to  the  hearsay 
rule  for  such  works  (159). 

Court  Limitations  on  Admission  of 
Research  Opinion 

The  courts'  admission  into  evidence  of 
statistical  surveys,  samples,  and  research 
opinion  evidence  is  still  amazingly  limited 
(160).  Although  the  admission  of  census 
sampling  and  the  averages  and  probabilities  of 
mortality  tables  would  seem  to  sanction  the 
admission  of  other  svirvey  data,  the  courts 
have  not  so  reasoned.  While  the  substance  of 
samples,  opinion  research,  and  other  collec- 
tions of  data  have  been  said  to  possess  tit 
least  equal  inductive  value,  being  made  with 
equal  or  greater  thoroughness,  sifted,  arranged, 
and  stated  by  trained  observers,  they  are  by 
the  same  discriminative  authority  relegated 
to  the  limbo  of  hearsay  and  other  judicial 
abominations.  The  error  lies  not  in  looking 
too  leniently  upon  census  samples  and 
mortality  tables,  but  in  a  misconception  of  the 
true  qualities  of  other  scientific  work  (161). 

Statistics  are  a  science,  the  study  and 
application  of  statistics  require  expert 
knowledge  and  method;  this  science  is  the 
process  by  which  decisions  are  made,  based 
upon  incomplete  knowledge.  It  also  is  a 
process  used  for  generalizing  from  a  part  to  the 
whole;  it  is  used  in  attempts  to  solve  a  group 
of  problems  treated  in  philosophy  by  inductive 
logic.  Statistical  inferences  are  inductive 
because  certain  traits  are  assigned  to  large 
accumulations  of  objects  by  knowledge  of 
these  same  traits  for  only  a  few  of  these  objects 
(162).  Like  mortality  tables,  such  statistical 
data  also  are  founded  in  the  theory  of  prob- 
ability,  which   permits    measurement   of   the 


magnitude  of  possible  error  in  the  result  and  a 
definite  probability  statement  about  the  un- 
certainty of  the  inference  (163). 

Up  to  the  present  time,  statistical  surveys, 
samples,  and  opinion  polls  have  been  used 
sparingly  in  judicial  problem  solving;  their 
use  has  been  limited  to  admission  as  an 
exception  to  the  genera]  rule,  not  for  the 
truth  of  the  matter  asserted  but  for  the  fact 
that  it  was  made  (164).  Additional  limitations 
have  permitted  such  data  to  be  vised  only  in 
certain  litigable  areas.  These  areas  comprise: 
Commercial  law,  both  public  and  private; 
patent  and  trademark  infringement;  unfair 
competition;  deceptive  advertising;  mis- 
branding; and  related  areas  (165)  where 
consumer  reaction  is  important.  To  a  limited 
extent,  their  admission  in  antitrust  cases  has 
given  some  credence  to  surveys  and  opinion 
polls  (166). 

Use  of  statistical  evidence 

There  are  numerous  areas  of  law  in  which 
statistical  surveys  and  sampling  of  opinion 
(167)  may  be  crucial  to  the  disposition  of  a 
case,  and  in  which  such  surveys  have  been 
used.  It  already  has  been  indicated  that 
statistical  survey  research  is  most  important 
in  cases  involving  commercial  disagreements. 
Such  surveys  and  polls  also  have  been  used  in 
the  fields  of  law  dealing  with  immigration, 
naturalization,  and  deportation  (168) ;  in 
cases  involving  change  of  venue  (169);  and 
in  quasi-legislative  proceedings  (170).  On 
the  other  hand,  in  litigation  concerned  with 
property  valuation  and  condemnation,  surveys 
and  polls  rarely  have  been  utilized  in  evidence, 
and  these  could  be  mosl  useful  (171). 

Sampling  results  considered  hearsay 

Admission    of    sampling    results    has    been 
limited    in    judicial    proceedings    because    of 
technical    objections;    such    results    are    con- 
sidered to  be  hearsay  evidence  that  relies  on 
out  of  court  statements  as  to  the  character- 
istics of  basic  data  or  sample  data.     It   has 
been  held  that  the  conclusion  of  the  statisti- 
cian is  merely  opinion  as  to  matters  that  do 
not  fall  within  the  range  of  admissible  opinion 
evidence,  and  that  statistical  data  and  infer- 
ences  therefrom    are   not   the    best   evidence 
available  of  the  characteristics  of  basic  data 
(172).     Evidence  from  sampling  and  polling 
also  has  been  subjected  to  the  suspicions  of 
judges  who  realized  the  ease  with  which  over 
zealous  lawyers,  seeking  to  advance  the  cause 
of  their  clients,  could  have  been  tempted  to 
bias  such  data,  and  the  difficulty  of  detecting 
such  bias  (173).     Reputable  research  organi- 
zations, however,  enjoy  the  same  confidential 
relationship  to  their  clients  as  do  reputable 
members  of  the  bar:  They  will  not  count e- 
nance    perjured    testimony    in    their    behalf. 
Their   system   of   analysis,    design   of  experi- 
ment, and  the  full  results  of  their  efforts  are 
all  open  to  judicial  review,  the  court  willing. 
The  legitimate  opinion  research  organization 
wants   its   findings   to    be    considered    public 
property   in   the   sense   that    they    cannot   be 
perverted  in  support  of  any  single  side  and 
that  the  full  implications,  involving  qualifica- 
tions where  they  exist,  be  revealed  {174). 
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Another  factor  militating  against  the  ad- 
missibility of  sampling  and  polling  data  as 
evidence  is  that  adverse  parties  sometimes 
offer  olher  polls  by  which  they  purporl  to 
prove  inconsistent  propositions  of  fact  are 
shown  in  the  data  presented  as  evidence  (175). 
However,  in  such  instances,  it  would  seem 
that  the  conflicting  testimony  on  the  reliabil- 
ity of  the  data  should  be  considered  in  con- 
ion  with  the  credibility  of  the  evidence 
and  not  with  the  admissibility  of  the  evidence. 

Minimizing  objections  to  sampling 

To  minimize  the  bases  for  objection  to  the 
admission  of  statistical  data  as  evidence,  the 
following  procedures  might  be  helpful:  (1) 
The  use  of  pretrial  conferences,  where  feasible, 
for  having  the  parties  start  with  the  same  set 
of  instructions  and  the  same  basic  facts  (176). 
(2)  The  service  upon  the  adversary,  in  ad- 
vance of  trial,  of  a  copy  of  the  statistical 
report,  along  with  a.  statement  of  the  under- 
lying materials,  their  location,  and  availability 
for  inspection  (177).  (3)  The  qualifying  of 
the  official  who  conducted  the  research,  by 
the  party  offering  the  document.  (4)  The 
testimony  of  the  official  as  an  authenticating 
witness  if  the  adverse  party  requests  it  and 
shows  cause  (178). 

If  the  hearsay  objection  is  considered  too 
difficult  to  be  overcome  in  getting  evidence 
of  the  poll  or  sample  into  the  record  for  the 
court's  consideration,  another  basis  remains 
for  bringing  the  results  to  the  attention  of 
the  court.  Quite  often,  a  judge  will  take 
judicial  notice  of  well-known  facts  and  opin- 
ions (179).  In  this  connection,  statistical 
research  findings  deserve  consideration  by  the 
judge  as  an  alternative  to  his  impressions. 
When  used  in  this  sense,  as  judicial  notice, 
such  statistical  research  findings  need  not  con- 
form to  the  technical  rules  of  evidence. 

REASONS  FOR  USE  OF  RESEARCH 
EVIDENCE  IN  CONDEMNATION 
PROCEEDINGS 

The  current  use,  and  the  objectives  and 
extent  of  the  usage,  of  research  evidence  in 
condemnation  proceedings  has  been  described. 
It  seems  worthwhile  to  summarize  here  the 
reasons  considered  valid  for  the  general 
acceptance  and  use  of  research  evidence  in 
condemnal  ion  proceedings. 

•  Economic  research  would  become  an 
additional  step  in  the  evolutionary  process  of 
"i'i. lining  adequate  and  accurate  ways  and 
means  of  estimating  the  value  of  land.  Ahead  v 


in  the  evolutionary  process,  comparable  sales 
information  on  particular  parcels  is  admissible 
in  some  States  as  direct  evidence,  if  the 
foundation  for  each  parcel  is  separately  and 
individually  made.  As  was  pointed  out  in 
connection  with  the  discussion  on  economic 
data  in  condemnation  proceedings,  a  means 
of  obtaining  suitable  comparable  sales  data 
and  other  relevant  facts  associated  with  such 
sales  is  now  available.  The  next  step  of 
admitting  the  same  type  of  sale  information 
in  aggregate  or  statistical  form  should  be 
taken.  Suppose  one  issue  in  a  condemnation 
proceeding  is  the  determination  of  the  trend 
in  land  prices  for  a  particular  community 
over  a  period  of  years.  The  only  way  to 
determine  precisely  such  prices  is  to  tabulate 
records  of  sales,  which  may  run  into  tens,  hun- 
dreds, or  even  thousands  of  individual  sales. 
In  such  a  case,  admission  of  survey  evidence 
appears  to  be  essential;  it  would  save  time 
and  money  while  keeping  the  record  clear  of 
the  various  underlying  source  materials. 

•  "To  preserve  the  vitality  of  its  functions, 
the  law,  as  it  relates  to  the  market  place, 
must  keep  pace  with  evolutions  in  the  market 
place"  (180).  Research  evidence  is  the  key- 
stone of  all  of  today's  problem-solving 
methods.  Its  use  has  been  pinpointed  in  the 
courtroom,  as  well  as  in  commercial  and 
professional  circles. 

•  Analytically,  the  general  types  of  land 
economic  studies  and  land  value  surveys, 
which  have  been  discussed,  may  be  desig- 
nated as  hearsay  because  they  are  based  upon 
valuations  of  property  made  by  persons  not 
represented  in  these  proceedings.  But,  the 
principles  that  have  supported  the  admission 
of  census  reports,  mortality  tables,  market 
reports,  and  price  lists  will,  and  should,  allow 
such  economic  data  to  be  given  as  evidence 
in  condemnation  proceedings.  From  this 
brief  specified  study  of  research  evidence  and 
the  hearsay  rule  in  judicial  proceedings,  it 
is  apparent  that  two  main  hurdles  must  be 
overcome  before  economic  research  evidence 
such  as  land  economic  studies  and  surveys 
will  be  admitted  as  an  exception  to  the  hear- 
say rule. 

•  The  first  hurdle  is  necessity.  The  infor- 
mation presented  here  shows  clearly  that 
facts  on  which  land  value  estimates  can  be 
substantiated  and  supported  are  needed 
urgently  by  public  officials,  fee  appraisers, 
lawyers,  and  juries.  The  courts  are  suffi- 
ciently aware  of  this  need,  for  in  1960  alone, 
16  appeals  cases  were  handed  down  in  which 
the  only  issue  on  appeal  was  whether  the 
verdict  was  supported  by  the  evidence  (181). 


In  four  cases,  the  lower  courts  had  made 
awards  that  shocked  the  respective  appellate 
courts  so  that  the  original  awards  were 
reversed  (182).  In  addition,  decisions  on 
three  cases  were  reversed  on  the  findings  that 
the  awards  were  not  within  the  range  of 
evidence  (183).  Acceptance  of  the  results 
of:  (1)  a  scientifically  designed  sample  of 
sales  prices  for  properties  within  an  area,  (2) 
a  properly  prepared  and  conducted  opinion 
survey  designed  to  determine  various  in- 
fluences on  land  values,  (3)  an  impact  study 
(4)  a  severance  damage  study,  and/or  (5) 
other  economic  data  as  an  exception  to  the 
hearsay  rule  would  seem  to  hold  the  promise 
of  furnishing  material  to  meet  this  shortage 
of  factual  data. 

•  The  second  hurdle  is  the  trustworthiness 
of  the  document.  The  guarantee  that  such 
economic  studies  and  statistics  would  be 
t  rustworthy  and  reliable  is  to  be  found  in 
the  conditions  and  procedures  with  respect 
to  their  preparation.  In  addition,  the  State 
highway  departments  or  the  universities 
associated  with  them  in  these  endeavors 
would  be  unlikely  to  stake  their  reputations 
upon  ill-conceived  studies.  The  motive,  in 
other  words,  is  precisely  the  same  in  character 
and  is  more  certain  in  its  influence  than  that 
which  is  accepted  as  sufficient  in  some  of  the 
other  hearsay  exceptions  previously  dis- 
cussed; it  is  the  unwelcome  probability  of  a 
detection  and  exposure  of  errors. 

•  In  addition  to  their  admission  as  an 
exception  to  the  hearsay  rule,  there  seem  to 
be  good  reasons  for  land  economic  studies 
and  surveys  to  come  into  evidence  through 
judicial  notice.  Such  admission  would  of 
necessity  be  premised  upon  their  undisputed 
authenticity,  thereby  obviating  the  necessity 
for  testimony  by  a  witness  vouching  for  such. 

•  The  public  document  rule  also  seems  td 
be    another   vehicle   that    can    be   used    as   ; 
reason    for    admitting   these    land    studies   as 
evidence  in  condemnation  proceedings.     Thei: 
admission    under    such    an    exception    woulf 
depend  upon  whether  they  had  been  prepare 
by   governmental  agencies,   within  the   scopi 
of  duty  imposed  upon  them  by  law,  or  whethi 
it  was  the  usual  course  of  business  for  nigh 
way  departments  to  make  certain  land  valu 
studies    in    connection    with    condemnation 
The  important  point  is  that  the  law  of  evidenc 
is  changing;  in  many  fields  of  law  it  is  movin 
in  the  direction  of  admission  of  factual  dat 
derived   from   studies   and   surveys,    and    th 
applications  of  statistical  techniques. 

(References  begin  on  p.  SS) 
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Highway  Department,  Sept.  1960. 

(16)  Partial  Taking  and  Severance  Damages,  by  G.  G. 
Little,  a  paper  presented  before  the  Committee  on  Right-of- 
Way,  45th  annual  meeting,  American  Association  of  State 
Highway  Officials,  Boston,  Mass.,  Oct.  1959. 

(17)  An  Adequate  Right-of-Way  Appraisal,  by  F.  D.  Pryor, 
Right-of-Way,  vol.  6,  No.  6,  Dec.  1959,  pp.  57-65. 

(18)  Land  Economic  Study  Committee  Report  In  Member- 
ship, Buckeye  Chapter,  American  Right  of  Way  Association, 
Columbus,  Ohio,  Sept.  1959  (unpublished). 

(19)  Washington  Stat3  Severance  Damage  Study,  Nos.  7 
and  9,  Washington  State  Highway  Commission,  Sept.  1959. 

(20)  Preliminary  Report  of  Land  Economic  Studies,  Ohio 
Department  of  Highways  in  cooperation  with  the  Bureau  of 
Public  Roads,  1960. 

(21)  U.S.  Constitution,  Amendment  V,  which  provides 
".  .  .  nor  shall  private  property  be  taken  for  public  use  with- 
out just  compensation,  .  .  ."binds the  Federal  Government. 
The  due  process  clause  of  U.S.  Constitution,  Amendment 
XIV,  as  construed  in  Chicago,  B.  &  Q.  R.R.  v.  Chicago,  166 
TJ.S.  226  (1897)  imposes  substantially  the  same  requirement 
on  the  States. 

(22)  United  States  v.  Causby,  328  U.S.  256  (1946);  Ports- 
mouth Harbor  Land  <fc  Hotel  Co.  v.  United  States,  260  U.S.  327 
(1922);  Friendship  Cemetery  v.  City  of  Baltimore,  197  Md.  610, 
81  A.  2d  57  (1951);  Penn  v.  Carolina  Va.  Corp.,  231  N.C.  481, 
57  S.E.  2d  817  (1950);  Cochran  Coal  Co.  v.  Municipal  Man- 
agement Co.,  380  Pa.  397,  110  A.  2d  345  (1955).  This  tradi- 
tional concept  of  taking  has  been  broadened  to  render  com- 
pensable the  substantial  interference  with  any  of  the  rights 
of  property  ownership  in  some  States.    E.g.,  In  re  Forrstrom, 


44  Ariz.  472,  38  P.  2d  87s  (1934);  Liddick  v.  City  of  Council 
Bluffs,  232Iowal97, 5N.W.2d361  (1942  Stati  ei  rel  McKay 
v.  Kauer,  156  Ohio  St.  347,  102  N.E.  2d  703  (1951). 

(23)  Chicago  v.  Taylor,  125  U.S.  161  (1888);  Jarnagin  v. 
Louisiana  Highway  Commission,  5  So.  2d  660  (La.  App.  1942) ; 
Wolfrom  v.  State,  246  Minn.  264,  74  N.W.  2d  510  (1956);  State 
Highway  Commission  v.  Bloom,  77  S.  Dak.  452,  93  N.W.  2d 
572  (1958). 

(24)  Danforth  v.  United  States,  308  U.S.  271  (1939);  see  i      , 
cited  in  reference  26. 

(25)  Rose  v.  State,  19  Calif.  2d  713,  737-40,  123  P.  2d  505, 
519-21  (1942);  State  Highway  Board  v.  Coleman,  7S  Ga.  App. 
54,  50  S.E.  2d  262  (1948);  Harrison  v.  Louisiana  Highu  ay  ( 'om- 
mission,  191  La.  839,  186  So.  354  (1939);  Tennessei  Gas  Trans- 
mission Co.  v.  Maze,  45  N.J.  Super.  496,  133  A.  2d  28  App. 
Div.  (1957). 

(26)  De  Bruhlv.  Stati  Highway  &  Public  Works  Commis- 
sion, 247  N.C.  671,  102  S.E.  2d  229  (1958);  In  r,  Appropriation 
for  Highu  mi  Purposes,  167  Ohio  St.  463,  150  N.E.  2d  30  (1958); 

White  v.  State  Highway  Commission,  201  Va.  885,  114  S.E 
2d  614  (1960).  But  this  uniformly  designated  valuation  data 
i  M  ies  according  to  the  different  acts  that  constitute  a  taking 
as  illustrated  by  these  same  ca  ies  De  liruhl  (an  administra- 
tive order);  In  re  Appropriation  (entry  on  the  premises); 
(I  hih  ( i  ni  fiat  ion  of  legal  proceedings). 

(27)  Olson  V.  United  Stairs,  292  U.S.  246  (1934);  Housing 
.  Authority  v.  Lustig,  139  Conn.  73,  90  A.  2d  169  (1952);  Hoy  v. 
Kansas  Turnpike  Authority,  1x4  Kans.70,  334  P.  2d  315  (1959); 
State  ii  nl  Department  oj  Highways  v.  Tolmas,  238  La.  1, 
113  So.  2d  288  (1959);  Slate  Highway  Commission  \  .  Superbilt 
\ln,    i  «...  204  Oreg.  393,  281  P.  2d  707  (1955) 

i  !<S)  Newton  Girl  Scout  Council  v.  Massachusetts  Turnpike 
Authority,  335  Mass.  189,  138  N.E.  2d  769  (1956);  Assembly  of 
God  Church  v.  Vallone.  150  A.  2d  11  (R.I.  1959). 

(29)  The  market  value  concept  seems  to  be  synonymous 
with  fair  market  value  and  cash  market  value  insofar  as  they 
are  adapted  to  eminent  domain  law.  Orgel,  Valuation  Under 
Eminent  Domain,  §17  (1953). 

(.30)  Assembly  of  God  Church  v.  I  dllone,  150  A.  2d  11,  15 
(R.I.  1959).    See  cases  cited  in  reference  27. 

(31)  United  States  v.  Miller,  317  U.S.  369  (1943;;  Stati 
ex  rel.  Department  of  Highways  v.  Harrow,  238  La.  887.  116 
So.  2d  703  (1959);  Schlotman  \ .  Wharton  County,  253  S.W.  2d 
325  (Tex.  Civ.  App.  1953);  Pruner  v.  State  Highway  Com- 
missioner, 173  Va.  307,  4  S.E.  2d  393  (1939). 

(32)  United  States  ,  ,  rel.  T.V.A.  v.  Powelson,  319  U.S.  266 
(1943);  see  cases  cited  in  references  0  and  47. 

(33)  Wilmington  Housing  Authority  v.  Harris,  47  Del.  469, 
93  A.  2d  518  (Super.  Ct.  1952);  City  of  St.  Louis  v.  Turn  mount 
Mfg.  Co.,  247  Mo.  App.  200,168  S.W.  2d  149  (1943);  Syracuse 
University  v .  State,  7  Misc.  2d  349, 166  N.Y.S.  2d  402  (Sup.  Ct. 
1957). 

i  ;;i  Housing  Authority  v.  Lustig.  139  Conn.  73,  90  A.  2d 
169  (1952);  Olson  v.  United  States,  292  U.S.  246  (1934). 

(35)  Department  of  Public  Works  &  Buildings^,  Lambert, 
411  111.  183,  103  N.E.  2d  356  (1952);  Hoy  v.  Kansas  Turnpiki 
.  I  uthority,  184  Kans.  70,  334  P.  2d  315  (1959 

(36)  Olson  v.  United  States,  292  U.S.  246  (1934);  State  High- 
way Commission  v.  Brown,  176  Miss.  23,  168  So.  277  (1936); 
State  Highway  Commission  v.  Arnold,  218  Oreg.  43,  341  P. 
2d  1089  (1959);  City  oj  Austin  v.  Cn, ,',"„.  153  Tex.  324,  267 
S.W.  2d  808  (1954). 

(37)  Newton  Girl  Scout  Council  v.  Massachusetts  Turnpike 
Authority,  335  Mass.  189,  138  N.E.  2d  769  (1956)  (summer 
camp);  Assembly  of  God  Church  v.  Vallone,  150  A.  2d  11 
(R.I.  1959)  (church). 

(SS)  State  ex  rel.  Department  of  Highways  v.  Harrow  23s 
La.  887, 116  So.  2d  703  (1959)  (by  stipulation)  Tigai  v.  Mystic 
River  Bridgt  Authority,  329  Mass.  514,  109  N.E.  2d  148  (1952) 
(partially  built  refrigeration  plant). 

(39)  See  references  37  and  38. 

(40)  See  reference  37. 

(41)  Assembly  of  God  Church  v.  Vallone,  150  A.  2d  1 1  (R.I. 
1 959) . 

(42)  Jackson  v.  State,  213  N.Y.  34, 100  N.E.  758  (1914);  Store 
Highway  Commission  v.  Superbilt  Mfg.  Co.,  204  Oreg.  393:  281 
P.  2d  707  (1955). 

(43)  Department  of  Public  Works  &  Buildings  v.  Lambert, 
411  111.  483, 103  N.E.  2d  356  (1952!;  In  i,  Smith  St.  Bridge,  234 
App.  Div.  583,  255  N.Y.S.  801  (1932)  Williams  \ .  State  High- 
way Commission,  252  N.C.  141,  113  S.E.  2d  263  (toco);  State 
Highway  Commission  v.  Veil,,.  213  Ore?.  386,  323  P.  2d  941 
(1958);  Ryan  v.  Davis,  201  Va.  79, 109  S.E.  2d  409  i 

(44)  Kimball  Laundry  Co.  v.  United  States,  338  U.S.  1 
(1949). 


I)  Fla.  Stats.  \iin  Hi.",:.  Sei  73.10(4)  as  construed  in 
Hooper  v.  State  Road  Department,  105  So.  2d  515  (Fla.  App. 
1958);  Administrative  ('ode,  City  of  New  York,  See.  k 
41-44.0  as  construed  in  Application  of  lime,  it  App.  Div, 
2d  837,  202  N.Y.S.  2d  954  (1960);  VI.  Stats.  Ann,,  til.  19,  See. 
221(2)  as  construed  in  Record  v.  Vermont  Highway  Board, 
121  \  I.  230,  154  A.  2d  175  (1959). 

(46)  Hon  si  mi  .  I  uthority  v.  lustig,  139  Conn.  73,  90  A.  2d  169 
(1952);  Stateexrel.  State  Highway  Commissioner  v.  Williams, 
65  N.J.  Suiier.  518,  168  A.  2d  233  (  App.  Div.  1961 1. 

(47)  New  Jersey  Turnpike  Authority  \ .  Ho,,  ley,  27  X.J.  549, 
1 13  A.  2d  558  (1958);  Ohio  I  'alley  .  Idealising  <  'orp.  v.  Linzell, 
168  Ohio  St.  259,  153  N.E.  2d  773  (1958). 

(48)  In  re  Smith  St.  Bridge,  234  App.  Div.  583,  255  N.Y.S. 
801  (1932);Wffijams  v.  Stall  Highway  Commission,  252  N.C. 
141,  113  S.E.  2d  263  I  1960 

(49)  Peoph  a  nl  Department  of  Public  Works  v.  Loop, 
127  Calif.  App.  2d  786,  271  P.  2d  885  (1954);  Stat,  Highway 
Hoard  v.  Bridges,  60  Ga.  App.  240. 3  s.E.  2d  («)7  (1939);  Depart- 
ment Of  Public  Works  &  Buildings  v.  Griffin,  305  111.  585,  137 
N.E.  523(1922). 

(50)  Mac.  Arthur  v.  State  Highway  Departmi  nl,  85  Ga.  App. 
500,  69  S.E.  2d  781  (1952);  Case  v.  Stub  Highway  Commission, 
156  Cans.  163,  131  P.  2d  696  (1943);  In  re  Appropriation  for 
Highway  Purposes,  108  ohm  \pp.  1.  160  N.E.  2d  383  (1959); 
Stati  * .  Miners.  292  S.W.  2d  933  (Tex.  Civ.  App.  1956). 

(-5/)  People  ex  rel.  Department  of  Public  Works  v.  Loop, 
127  Calif,  App.  2.1  786,  274  P.  2d  885  (1954);  I.illl,  v.  I:,,,!,  ink 
County,  82  N.W.  2d  603  (N.Dak.  1957);  In  re  Appropriation 
oi  r,is,  mi  ni  in.  Highway  Purposes,  93  Ohio  App.  179, 112  N.E. 
2d  111  (1952). 

■  '■  Statt  Highway  Board  v.  Coleman,  78  Ga.  App.  54,  50 
S.E.  2.1  262  (1948);  Stall  i  I  rel.  State  Highway  Commission  v. 
Bruening,  326  S.W.  2.1  305  (Mo.  1959);  State  Highway  Com- 
mission,, v.  National  I'm  proofing  ( 'orp.,  127  N.J.L.  346,  22  A. 
2.1  268  (E.  &  A.  1941). 

>S)  Special  Assessments  in  Theory  and  Practice,  a  report 
prepare. 1  (i960)  for  tlie  Bureau  of  Public  Roads  bj  the 
Economic  Research   Igency,  Madison,  Wis.,  (processed). 

(54)  Roberts  v.  Richland  Irrigation  Dist.,  289  U.S.  71  (1933); 
see  reference  53,  pp.  21-37. 

(,55j  People  v  McReynolds,  31  Calif.  App.  2d  219,  S7  P.  2d 
734  (1939);  lit  in, ,  In,  nl  Slock  Land  Bank  v.  Board  of  County 
i  ommissionirs,  105  Colo.  366,  98  P.  2d  283  (1(110);  Gilmore  v. 
State,  208  Misc.  427,  143  N.Y.S.  2d  873  (Ct.  CI.  1055). 

(56)  Koelsch  v.  Arkansas  State  Highway  Commission,  223 
Ark.  §29,  267  S.W.  2d  -l  (1954);  Louis',,,,,,  Highway  <  ommis- 
s,ou  \,  Grey,  197  La.  942,  2  So  2d  654  (1941  i;  Stall  ei  rel.  Stale 
Highway  Commission  v.  Von  ng,  324  Mo.  277,  23  S.W.  2d  130 
(1929);  Stati  Highway  Commission  v.  Bailey,  212  Oreg.  261, 
319  P.  2d  906  (1957).  See  also  McRea  v.  Marion  County, 
222  \la.  511,  133  So.  278  (1931);  Board  oj  Commissioners  v. 
Gardner,  57  \  Vie;    178,  260  P.  2d  682  (1953). 

(57)  Louisiana  Highway  Commission  v.  Grey,  l'J7  La.  942, 
2  So.  2(1654  (1941). 

(58)  stale  v.  Smith,  237  Intl.  72,  143  N.E.  2.1  666  (1957 1; 
State  ex  rel.  State  Highway  Commission  v.  Young,  324  Mo. 
277.  23  S.W.  2d  130  (1929). 

(5.9)  McCoy  v.   Union  Elevated  R.R.,  247  U.S.  354,  365-60 
1918);  Board  of  County  Commissioners  v.  Gardner,  57  N.  Mex. 
478,  260  Pac.  2d  682  (1953);  Long  v.  Shirley,  177  Va.  401,  14 
S.E,  2.1375(1941). 

(60)  Newby  v.  Platte  County,  25  Mo.  258  (1857). 

(61)  Louisiana  Highway  Commission  v.  Grey,  197  La.  942, 
2  So.  2d  654  (1941);  Petition  of  Reeder,  110  Oreg.  184,222  P.  721 
(19241;  Demers  v.  City  of  Montpelier,  120  VI.  380,  141  A.  2d 
676(1958). 

(62)  Stale  v.  Hudson  County  Board  of  Chosen  Freeholders, 
55  N.J.L.  88,  25  All.  322  (1892);  Hempstead  v.  Salt  Luke  City, 
32  Utah  261,  90  Pac.  397  (1907). 

(63)  Department  of  Public  Works  &  Building  v.  Barton,  371 
111.  11, 19  N.E.  2d  935(1939). 

(64)  Kane  v.  City  of  Chicago,  392  III.  172,  61  N.E.  2d  506 
(1946);  In  re  Fourth  Ave.,  125  Misc.  133,  210  N.Y.S.  1S4  (Sup. 
Ct.  1925),  rev'd  on  other  grounds,  221  App.  Div.  458,  223 
N.Y.S.  525  (1927);  Wray  v.  Kriorville,  L.P.  &  J.R.R.,  113 
.,     n    544,  82  S.W.  471  (1904). 

(65)  Bar  man  \    Ross,  167  CI.S   518,674  si  (1897). 

(66)  Hamer  v.  Iowa  Slate  Highway  Commission,  250 
Iowa  1228,  98  N.W.  2d  746  (1959);  Barnes  v.  North  Carolina 
State  Highway  Commission,  250  N.C.  37S,  109  S.E.  2d  219 
(1959);  Johnson's  Pel  it  ion,  344  Pa.  5,  23  A.  2d  880  (1942). 

(67)  Hamer  v.  Iowa  State  Highway  Commission,  250  Iowa 
1228,  98  N.W.  2d  746  (1959). 


J  PUBLIC  ROADS  •  Vol.  32,  No.  2 


33 


■     State  v.  Stoner,   Via.,  122  So.  2d  115  (1960);  Gabriel  v. 

130  Conn.  165,  32  A.  2d  649  (1943);  Barnes  v.   NbrfA 

ina  Stefc  Highway  Commission,  250  X.C.  378,  109  S.E. 

2d  219  (1959);  Johnson's  Pel  LI  ion,  3 1 1  Pa.  5,  23  A.  2d  880  (1942). 

Peoph  ex  rel.  Department  o)  Public  Works  v.   Loop, 

127  Calif.  App.  2d  786,  274  P.  2d  885  (1954)-,  State  Highway 

Board  v.    Bridges,  60  Ga      Ipp.  240,  3  S.E.  2d  907    (1939); 

Department  of  Public  Works  &  Buildingsv.  Griffin,   305  111. 

585,  137  X.K    523  (1922 

(701   Peoph  ei  rel.  Department  of  Public  Works  v.  Schult 
i  „  ,  [23  ( '  . I ■  I .  App.  2d  925,  268  I'  2d  117  (1954)  State  Highway 
Board  v.  Bridges,  60  Ga.  App.  240         I     Id   - 
,i  rel.  Slati  Highway  Coin  mission  v.  White,  25 1  S.W.  2d  668 
(Mi).  App.  ma);  D'Angelov.  Director  of  Public  Works.  152  \. 
2d  211  (R.I.  1959). 

(7/1  Department  of  Public  Works  v.  Barton,  371  III.  11,  19 
N.E.  2d  935  (1939);  /«  rt  .  Appropriation  for  Highway  Pan 

lio    \pp-  179,  112  N.E.  2d  ill   (1952);   State  Highway 
Commission  v   BaiZey,  212  i  in       '■  I    119  P  2d  906  (1957). 
(7?)  See  refere 

(73)  Sit  references  70  and  71. 

(74)  Sorensen  v  Cta,  132  Conn  583,  586-87,  46  A.  2d  125, 
126  (1946 

(7o)  Alabama;  Ala.  Code  Ann.,  tit.  19,  §5  4,  10-16  (1940) 
(with  right  to  appeal  to  common  law  jury  in  trial  de  novo) 
Georgia:  Ga.  Code  Ann.,  §  36-401  -36  103  (1933)  with  right 
In  appeal  to  common  law  jurj  in  trial  dt  novo);  Missouri: 
Mo.  Rev.  Stat.,  §  523.040  (1959)(with  right  to  appeal  to 
common  law  jury  in  trial  de  noro):  Virginia:  Va.  Code,  §  33-63 
(1950)  (without  right  to  appeal  to  common  law  jury  in  trial 
tie  noi>o). 

(76)  Arizona:  Ariz.  Const,  art.  2,  §  23;  Ariz.  Rev. 
Stat.  Ami..  §§  1146-47  (1956);  Florida:  Fla.  Const,  art.  16, 
§  29;  Fla.  Stat.,  §  7.3.10  (1957);  Illinois:  111.  Const,  art.  II,  §  13 
(not  applicable  to  the  State);  111.  Rev,  Stat.,  c.  17,  §  l  (Supp. 
1960)  (applicable  to  the  State);  Massachusetts:  Mass.  Gen. 
Laws  Ann.,  c.  79,  §  22,  c.  80A,  §  9  (19.58). 

(77)  Shoemakerv.  United  States.  117  U.S.  282, 303-06  (1893); 
In  re  Bronx  Parkway  Commission,  206  App.  Div.  526,  202 
N.Y.S  249(1923).  Pruner  v.  State  Highway  Commissioner, 
173  Va.  307.  4  S.E.  2d  393  (1939). 

(78)  Shoemaker  V.  United  Slates.  147  U.S.  282,  303-06  (1893). 

(79)  City  of  Chicago  v.  Harbecke,  409  111.  425.  ioo  N.E.  2d 
616  (1951  - 

(80)  Hance  v.  Stati  lion, Is  Commission,  221  Md.  164,  171, 
156   \.  2d  044,  647(195(1). 

(81)  Epstein  v.  Boston  Housing  Authority,  317  Mass.  297, 
299,  58  N.E.  2.1  135,  137  (1944). 

(82)  Epstein  v.  City  &  County  of  Denver,  133  Colo,  lot, 
293  P.  2d  308  (1956);  Mississippi  Statt  Highway  Commission 
v.  Taylor,  237  Miss.  847,  Hi.  So.  2d  757  (1960);  In  re  Ohio 
Turnpikt  Commission.  161  Ohio  St.  377.  131  N.E.  2d  397 
(1955);  cert,  denied  352  U.S.  806  (1957);  B  &  K,  Inc.  v.  '  torn 
monwealth,  398  Pa.  518,  159  A.  2d  206  (I960). 

(83)  Mississippi  Slate  Highway  Commission  v.  Taylor, 
237  Miss  847,  853,  116  So.  2d  757.  760  (196(1);  cf.  Barnes  v. 
Southern  NIL  Hydro-Elect.  Corp.,  85  N.H.  379,  381-82,  159 
Atl.  128,  129  (1932);  State  v.  Peek,  1  Utah  2d  263,  271,  265  P. 
2d  630,  636(1953 

(84)  Epstein  v.  City  &  County  of  Denrer,  133  Colo.  104, 
108-09,  293  P.  2d  308,  310  (1956). 

(8.5)  Slate  v.  Peek,  1  Utah  2d  263,  273,  265  P.  2d  630,  637 
(1953);  Templetcn  v.  StaU   Highway   Commission,  254  N.C. 
337, 118  S.E.  2d  918  (1961);  Pittsburgh  Terminal  II  or, house  & 
fi  r  Co.  v.  Pittsburgh,  330  Pa.  72,  198  Atl.  632  (1938). 

(86)  County  Of  Los  Angeles  V.  Fans,  48  Calif.  2d  672.  312  P. 
2d  680  (1957);  Redfield  v.  Iowa  stale  Highway  Commission, 
251  Iowa  332,  99  N.W.  2d  413  (1959);  Village  of  Lawrence  v. 
Greenwood,  300  N.Y.  231,  90  N.E.  2d  53  (1949). 

(87)  Stewart  v.  Commonwealth,  337  S.W.  2d  880,  884  (1960); 
State  v.  Peek,  1  Utah  2d  203,  272,  265  P.  2d  630,  636  (1953). 

(88)  Forest  Preservi  Hist  v.  Kean,  298  111  37.  131  X.K. 
117  (1921). 

(89)  Stewart  v.  Commonwealth,  337  S.W.  2d  880,  883  (1960); 
Statt    V.   Peek,  1   Utah  2d  263,  273,  265  P,  2d  630,  637  (1953). 

(90)  County  of  Los  Angeles  v.  Faus,  Is  I  ialif.  2d  672.  312  P. 
2d  680  (1957);  Department  of  Public  Works  &  Buildings  v. 
Drabnick,  14  111,  2d  28,  150  N.E.  2d  593  (1958);  Application 
of  Port  of  New  Yorl  luthorily,  28  N.J.  Super,  575.  101  A,  2d 
365  (App.  Div.  1953);  State  v.  Peek,  1  Utah  2d  263,  265  P.  2d 
630(1953). 

(91)  Slate  ex  rel.  Department  of  Highways  v.  Barber,  238 
I.  i    587,  115  So.  2d  864  (1959). 

(92)  Gardner  v.  Brookline,  127  Mass.  358  (1879). 

(93)  Knollman  v.  United  Stales,  214  F.  2d  106  (6th  Cir. 
1954)  (suitable  for  industrial  development). 

(94)  Vann  v.  Slate  Highway  Department,  95  Ga.  App.  243, 
97  S.E.  2d  550  (1957);  SI,  nail  v.  t  'ommonwealth,  337  S.W.  2d 
880  (Ky.  1960). 
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(95)  County  of  Los  Angeles  v.  Faus.  48  Calif.  2d  672,  312  P. 
2d  680  (1957);  Application  of  Port  of  New  York  Authority,  28 
N.J.  Super.  575,  101  A.  2d  365  (App.  Div.  1953). 

(96)  Epstein  v.  Boston  Housing  Authority,  317  Mass.  297, 
58  N.E.  2d  135  (1944)  (Similar  property);  State  ex  rel.  State 
Highway  Commission  v.  Rauscher,  291  S.W.  2d  89  (Mo.  1956) 
(samp  property);  Application  of  Port  of  New  York  Authority, 
28  N.J.  Super.  575,  101  A.  2d  365  (App.  Div.  1953)  (similar 
property);  Thompson  v.  State,  319  S.W.  2d  368  (Tex.  Civ. 

\pp.  1958)  (same  property). 

(97)  Congregation  of  the  Mission  of  St.  1  'intent  de  Paul  v. 
Commonwealth,  336  Mass.  357, 145  N.E.  2d  681  (1957);  Phelps 
v.  State,  157  S.W.  2d  955  (Tex.  Civ.  App.  1942). 

(98)  Stewart  v.  Commonwealth,  337  S.  W.  2d  880  (Ky.  1960); 
Robards  v.  State,  285  S.W  2d  247  (Tex.  Civ.  App.  1955). 
Contra,  County  of  Los  Angeles  v.  Fans,  48  Calif.  2d  672, 312 P. 
2d  680  (1957). 

(9.91  Forest  Preserve  Dist.  v.  Kean,  298  111.  37.  131  N.E. 
117  (1921 

(100)  United  Stalis  v.  Katz,  213  F.  2d  799  (1st  Cir.  1954); 
cert,  denied,  348  U.S.  857  (1954);  City  &  County  of  Denrer  v. 
Quick,  108  Colo.  Ill,  113  P.  2d  999  (1911). 

(101)  Phelps  v.  State,  157  S.W.  2d  955  (Tex.  Civ.  App. 
1942). 

(102)  Redfield  v.  Iowa  Stati  Highway  Commission,  251  Iowa 
332,  99  N.W.  2d  413  (1959);  cf.  In  re  Ohio  Turnpike  Commis- 
sion, 164  Ohio  SI    377,  131   N.E.  2d  397  (1955);   Contra,   City 

6  County  of  Denn,    \.   •nick.  108  Colo.  Ill,  113  P.  2d  999 
(1941). 

(103)  Montana  Ry.  v.  Warren,  137  U.S.  349  (1890). 

(104)  People  v.  Al.  Q.  Smith  Co.,  86  Calif.  App.  2d  308, 
194  P.  2d  750  (1948);  Slate  v.  Peterson,  134  Mont.  52,  323  P. 
2d  617  (1958);  Application  0]  Fort  of  New  York  Authority, 
28  N.J.  Super.  575,  101  A.  2d  365  (App.  Div.  1953). 

(105)  State  ,1  al.  Department  of  Highways  v.  Halt  Realty 
Co.,  239  La.  154,  118  So.  2d  364  (1960);  Port  of  New  York  Au- 
thority v.  Howell,  59  N.J.  Super.  343,  157  A.  2d  731  (Law  Div. 
1960). 

(106)  Blount  Canity  V.  Campbell,  268  Ala.  548.  109  So.  2d 
678  (1959);  State  ei  rel.  state  Highway  Commission  v.  Devenyns, 
I  79  S.W.  2d  740  (Mo.  App.  1944). 

(107)  Shelby  County  v.  Paker.  269  Ala.  Ill,  116  So.  2d  896 
(1959);  Department  of  Public   Works  &  Buildings  v.  Bellini, 

7  111.  2d  367,  131  N.E.  2d  55  (1955);  Mu:i  v.  Commonwealth, 
335  Mass.  101,  138  N.E.  2d  578  (1956). 

(108)  state  v.  McDonald,  88  Ariz.  1,  352  P.  2d  343  (1960); 
Southwick  v.  Massachusetts  Turnpike  Authority,  339  Mass. 
666,  162  N.E.  2d  271  (1959);  Taney  County  v.  Addington,  304 
S.W.  2d  842  (Mo.  1957);  South  Carolina  Stale  Highway  De- 
partment v.  Hines,  234,  S.C.  254,  107  S.E.  2d  643  (1959). 

(109)  Shelby  County  v.  Baker,  269  Ala,  111,  110  So.  2d  896 
(1959);  Lazenby  v.  Arkansas  State  Highway  Commission, 
231,  Ark.  601,  331  S.W.  2d  705  (19601;  Forest  Preserve  Dist.  v. 
Krol,  12  111.  2d  139,  145  X.E.  2d  599  (1957);  State  ex  rel.  State 
Highway  Commission  v.  Devenyns,  179  S.W.  2d  74) i  (Mo. 
App.  1944) 

(110)  Chicago  A-  W.I.  /?./?.  v.  Ileidenreieh,  254  111.  231, 
239-40,  98  N.E.  567,  571  (1912). 

(111)  Eisenriug  v.  Kansas  Turnpike  Authority,  183  Kans. 
774,  332  P.  2d  539  (1958);  Newton  Girl  Scout  Council  v.  Mas- 
sachusetts Turnpike  Authority,  335  Mass.  189,  138  N.E.  2d 
769  (1956). 

(112)  Application  of  Port  of  New  York  Authority,  28  N.J. 
Super.  575,  579,  101  A.  2d  365,  367  (App.  Div.  1953). 

(113)  Shelby  County  v.  Baker,  269  Ala.  Ill,  110  So.  2d  896 
(1959);  StaU  v.  McDonald,  88  Ariz.  1,  352  P.  2d  343  (1960); 
Taney  County  v.  Addington,  304  S.W.  2d  842  (Mo.  1957); 
South  Carolina  State  Highway  Department  v.  Hines,  234 
S.C.  254,  107  S.E.  2d  643  (1959).  * 

(///,)  Stale  v.  McDonald,  88  Ariz.  1,  352  P.  2d  343  (1960). 

(115)  Shelby  County  v.  Baker,  269  Ala.  Ill,  110  So.  2d  890 
(1959);  South  Carolina  Statt  Highway  Department  v.  Hines, 
234  S.C.  254,  107  S.E.  2d  643  (1959). 

(118)  Taney  County  v.  Addington,  304  S.W.  2d  842  (Mo. 
1957). 

(117)  Arkansas  State  Highway  Commission  v.  Covert,  332 
S.W.  2d  196  (Ark.  1960);  Ramlle  v.  Kansas  Turnpike  Auth- 
ority, 181  Kans.  416,  312  P.  2d  235  (1957);  Southwick  v.  Mass- 
achusetts, Turnpikt  Authority,  339  Mass.  666,  162  N.E  2d 
271  (1959);  Contra,  Grain  y.  State  Board  of  Public  Roads, 
50  R.I.  489,  149  All.  596  (1930). 

(118)  Besen  v.  State,  17  Misc.  2d  119,  130,  185  N.Y.S.  2d 
495,  504  (Ct.  CI.  1959) 

(119)  Indianapolis  &  Cincinnati  Traction  Co.  V.  Wiles, 
174  Ind.  236,  91  X.E.  161  (1910);  Mississippi  State  Highway 
Commission  v.  Ilillmaw,  189  Miss.  850,  198  So.  565  (1940); 
City  of  Houston  v.  Fisher,  322  S.W.  2d  297  (Tex  Ciy.  App. 
1959). 


(120)  Johnson's  Petition  344  Pa.  5.  23  A.  2d  880  (1942); 
V  F.toile  v.  Director  of  Public  Works,  153  A.  2d  173  (R.I.   1959). 

(121)  stnt.  Highway  Commission  v.  Byars,  221  Ark.  845. 
256  S.W.  2d  738  (1953). 

(122)  Beople  v.  Al.  G.  Smith  Co.,  86  Calif.  App.  2d  308,  194 
P.  2d  750  (1948);  Hance  v.  Slate  Roads  Commission,  221  Md. 
164,  156  A.  2d  644  (1959);  Fox-Wisconsin  Theatres,  Inc.  v. 
City  of  Waukesha,  253  Wis.  452,  34  N.W.  2d  783  (1948). 

(123)  City  &  County  of  Denver  v.  Quick,  108  Colo.  Ill,  113 
P.  2d  999  (1941);  Stale  ex  rel.  Slate  Highway  Commission  v. 
Dockery,  300  S.W.  2d  444  (Mo.  1957). 

(124)  ( 'niiwi  I ' it  urn  High  School  Dist.  v.  .lobe,  174  Calif.  App. 
2d  340,  345  P.  2d  78  (1959);  Newton  Girl  Scout  Council  \. 
Massachusetts  Turnpike  Authority,  335  Mass.  189,  138, 
N.E.  2d  769  (1956);  Tennessee  Gas  Transmission  Co.  v.  Maze, 
45  N.J.  Super.  496,  133  A.  2d  28  (App.  Div.  1957);  State  High- 
way Commission  v.  Arnold,  218  Oreg.  43,  341  P.  2d  1089 
(1959);  City  of  Houston  v.  Huber,  311  S.W.  2d  488  (Tex.  Civ. 
App.  1958). 

(125)  State  Highway  Commission  v.  Arnold,  218  Oreg.  43, 
341  P.  2d  1089  (1959). 

(126)  Stewart  v.  Commonwealth,  337  S.W.  2d  880,  885 
(Ky.  1960);  Tennessee  Gas  Transmission  Co.  v.  Maze,  45 
N.J.  Super.  496,  504,  133  A.  2d  28,  32  (App.  Div.  1957). 

(127)  Seminar  on  Protracted  Cases,  23  F.R.D.  319,  449 
(1959). 

(128)  See  Note  20,  Geo.  Wash.  L.  Rev.  211  (1951). 

(129)  "Hearsay  evidence  is  testimony  in  court  or  written 
evidence  of  a  statement  made  out  of  ourt,  such  testimony 
being  offered  as  an  assertion  to  show  the  truth  of  matters 
asserted  I  herein;  and,  thus,  resting  for  its  value  upon  the 
credibility  of  the  out  of  court  asserter."  McCormick, 
Evidence,  I  225  (1954). 

(130)  See  reference  129,  p.  301. 
(181)  See  reference  129,  p.  234. 

(132)  Zeisel,  The  Uniqut  ness  o)  Survey  Evidence,  45  Cornell 
L.  Q.  322  (1959);  McCormick,  Evidence  I  296. 
(18S)  13  U.S.C.  195  (1958). 

(l.U)  Turcotte  v.  DeWitt,  332  Mass.  160,  124  N.E.  2d  241 
(1955).  Traulloffv.  Da  mien  Mills,  Inc.,  316S.W.  2d  866  (Mo. 
App.  I958i;  ( ■onliiunlal  Oil  Co.  v.  Elias,  307  P.  2d  849  (Okla. 
1956). 

(135)  State  census  reports  are  also  judicially  noticed  in  the 
States  of  their  origin,  but  reference  here  will  only  be  made  to 
the  United  States  census  reports. 

Alabama:  Pickens  County  v.  Jordan,  239  Ala.  589,  196 
So.  121  (1940). 

Arizona:  Hernandez  v.   Frohmiller.  68  Ariz.  202  P.  2d 
854  (1959). 

California:  People  ex  rel.  Stoddard  v.  Williams,  64  Calif. 
87,  27  Pac.  939  (1883). 

Colorado:  In  re  Constitutionality  of  Senate  Bill  No.  293, 
21  Colo.  38,  39  Pac.  522  (1895). 

Florida:  Budget  Commission  v.  Blocker,  60  So.  2d  193 
(Fla.  1952). 

Georgia:  Tift  v.  Bush,  209  Ga.  769,  75  S.E.  2d  805  (1953). 

Idaho:  City  of  Twin  Falls  ex  rel.  Cannon  v.  Koehler,  63 
Idaho  562,  123  P.  2d  715  (1942). 

Illinois:  Coal  Creek  Drainage  Levee  Dist.  v.  Sanitary 
Dist.,  336  111.  11,  167  N.E.  807  (1929). 

Indiana:  Groves  v.  Board  of  Commissioners,  199  N.E. 
137  (Ind.  1936). 

Iowa:  State  v.  Braskamp,  87  Iowa  588, 54  N.W.  532(1893^ . 

Kansas:  Sparks  v.  Sparks,  301  Ky.  576,  192  S.W.  2d  724 
(19461. 

Mississippi:  Ross  v.  Morrimac  Veneer  Co.,  129  Miss. 
693,  92  So.  823(1922). 

Missouri:  Stale  v.  Public  Serv.  Commissioners,  334  Mo. 
985,  70  S.W.  2d  52  (1934). 

Montana:  Hill  v.  Rae,  52  Mont.  348, 158  Pac.  826  (1916). 

Nebraska:  Kokes  v.  State,  55  Nebr.  691,  76  X'.W.  467    | 
(1898). 

New  Jersey:  Michaels  v.  Johnson,  33  N.J.  Super.  77,  109 
A.  2d  452  (1954). 

New  York:  Taylor  v.  City  of  While  Plains,  206  Misc.    ] 
916.  135  N.Y.S.  2d  773  (Sup.  Ct.  1954). 

North  Carolina:  Clark  v.  City  of  Greenville,  221  N.C. 
255,  20  S.E.  2d  56  (19421. 

Oklahoma:  Jones  v.  Freeman,  193  Okla.  554,  146  P.  2d 
564  (1943),  appeal  dismissed.  322  U.S.  717  (1944). 

Oregon:  Smith  v.  Jefferson,  75  Oreg.  179,  146  Pac.  809 
(1915) . 

Pennsylvania:  Commonwealth  v.   Walter,  274  Pa.  553. 
118  Atl.  510  (1922). 

South  Carolina:  Richards  v.  City  of  Columbia,  227  S.C. 
538,  88  S.E.  2d  683  (1955). 

Texas:  L.  E.  Whitman  &  Co.  v.  Allen,  64  S.W.  2d  1024 
(Tex.  Civ.  App.  1933). 
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Virginia:  Shelton  v.  Sydnor,  126  Va.  625,  102  S.E.  83 

IT.'!!    . 

Washington:  Stale  v.  Smith,  1  ill  Wash.  173,  270  Pac. 
306  (1928),  judgment  adhered  to  on  rehearing,  155  Wash. 
173,  284  Pac.  796  (1930). 

Wisconsin:  Grimm  v.  Bayfield  County,  174  Wis.  43,  182 
N.W.  466  (1921). 

Mortality  tables: 

Uiliimu:  Great  So.  Ry.  v.  Norrell,  225  Ala.  503, 143  So. 
904(1932). 

California:  Froeming  v.  Stockton  Elec.  Ry.,  171  Calif. 
401,  153  Pac.  712  (1915). 

Connecticut:  Strakosch  v.  Connecticut  Trust  &  Safe 
Deposit  Co.,  96  Conn.  471,  114  AM.,  660  (1921). 

Florida:  Harvey  v.  Rhea,  152  Fla.  817,  12  So.  2d  302 
(1943). 

Illinois:  Muhlke  v.  Tiedemann,  280  111.  534,  177  N.E. 
708(1917). 

Indiana:  Dallas  &  Mavis  Forwarding  Co.  v.  Hiddell, 
126  N.E.  2d  18,  (166  Ind.)  App.  113,  (1955 

Kansas:  Knoche  v.  Meyer  Sanitary  Milk  Co.,  177  Ivans. 
423,  280  P.  2d  605  (1955). 

Kentucky:  Morris  v.  Morris,  293  S.W.  2d  243,  245  (Ky. 
1956):  "We  think  that  we  may  fairly  judicially  note  the 
Federal  Government's  preoccupation  with  a  collection 
of  statistics  concerning  all  vital  matters,  not  only  mortal- 
ity, but  also  pertaining  to  such  subjects  as  agriculture, 
mining,  cost  of  living,  etc..  and  we  also  recognize  the 
general  acceptance  by  all  people  of  the  thorough  and 
workmanlike  job  which  has  been  done  over  a  long  period 
of  years  by  various  Federal  agencies  to  such  an  extent 
that  many  wage  contracts  have  geared  the  rise  and  fall 
of  wages  and  salaries  to  the  rise  and  fall  of  the  cost  of  liv- 
ing indices.  We  know  of  no  more  accurate  measure- 
ment." 

Michigan:  Tandy  v.  Knox,  313  Mich.  147,  20  X.W.  2d 
844  (1945). 

Missouri:  Selle  v.  Selle,  337  Mo.  1234,  88  S.W.  2d  877 
(1935). 

Montana:  Stephens  v.  Elliott,  36  Mont.,  92,  92  Pac. 
45  (1907). 

New  Jersey:  Berry  v.  President  &  Directors  of  the  Bank 
of  Manhattan  Co.,  133  N.J.  Eq.  164  (1943). 

North  Dakota:  Guer  v.  Rynden,  74  N.W.  2d  361  (N. 
Dak.  1955). 

Oregon:  Shelton  v.  Lowell,  196  Oreg.,  430,  249  P.  2d  958 
(1952). 

Washington:  McTerran  v.  Heroux,  77  Wash.  2d  631, 
269  P.  2d  815  (1954). 

West  Virginia:  Drake  v.  Clay  Hardware  &  Supply  Co., 
157  S.E.  35  (W.  Va.  1931). 

(13S)  Keast  v.  Sm'.a  Ysabd  G.  M.  Co.,  136  Calif.  256,  68  Pac. 
771.  772  (1902):  "The  court  may  or  may  not.  require  such  pre- 
liminary proof  of  standard  acceptance  according  to  its  judg- 
ment of  the  need  therefor.";  Valente  v.  Sierra  Ry.,  151  Calif. 
534,  91  Pac.  481,  484  (1907):  "In  some  courts  it  is  said  that 
such  tables  are  admissible  after  proper  preliminary  proof 
of  their  authenticity  and  standard  quality.  Such  proof 
in  this  case  was  not  made,  but  the  general  weight  of  authority 
is  to  the  contrary,  and  permits  the  introduction  of  such  tables 
as  are  satisfactory  to  the  court.  Such  a  ruling  is  founded 
upon  the  theory  that  the  court  may  take  judicial  notice  of 
standard  tables.";  Hann  v.  Brooks,  331  111.  App.  535,  549,  73 
N.E.  2d  624,  630  (1947):  "A  showing  that  the  tables  are  used 
by  reputable  life  insurance  companies  is  sufficient  to  establish 
their  status  as  standard  authorities."  But  see  Banks  v. 
Braman,  195  Mass.  97,  80  N.E.  799  (1907). 

(137)  See  reference  132,  p.  325. 

(138)  6  Wigmore,  Evidence,  §  1698  (3d  ed.  1940). 

(139)  Hultberg  v.  Phillippi,  169  Kans.  610,  220  P.  2d  208 
(1950)  (motor-vehicle  speed  chart  admitted);  Whalen  v. 
Town  Plan  &  Zoning  Commission,  146  Conn.  321, 150  A.  2d  312 
(1959)  (traffic  reports  showing  the  heaviest  traffic  in  an  area 
admitted  without  comment  as  to  its  admissibility);  Brum  r 
v.  McCarthy,  105  Utah  399,  142  P.  2d  649  (1943).  in  which 
exhibit  containing  a  compilation  of  figures  prepared  by 
expert,  based  upon  mortality  annuity  tables  for  purpose  of 
showing  what  amount  of  money  it  would  be  necessary  to 
invest  at  various  interest  rates  to  pay  an  individual  specified 
amounts  per  year  for  35  years,  admitted.  But  see  Sloan  v. 
Carolina  Power  &  Light  Co.,  248  N.C.  125,  102  S.E.  2d  822 
(1958)  (table  of  Nat'l  Elec.  Safety  Code  issued  by  U.S.  Dept. 
of  Commerce,  Bureau  of  Standards,  excluded). 

For  a  discussion  of  the  admissibility  of  commercial  and 
professional  lists,  see  discussion  below;  for  a  discussion  of  the 
admissibility  of  interest  tables,  etc.,  see  6  Wigmore,  Evidence, 
§  1642  (3d  ed.  1940).    See  United  States  v.  Mortimer,  118  F.  2d 


266  (2d  Cir.),  nil.  den.,  314  U.S.  616  (1941),  in  which  the 
court  upheld,  ina  prosecution  for  using  and  conspiring  to  use 
the  mails  in  defraud,  the  admission  of  a  number  of  charts 
purporting  to  show  defaults  in  the  payment  of  taxes  on  a 
high  proportion  of  certain  mortgaged  properties  which  had 
been  prepare. I  bj  a  prosecution  witness,  an  experienced 
public  accountant,  and  the  reliability  of  which  was  not 
questioned,  even  though  the  tax  records  were  not  themselves 
in  evidence  ami  all  those  who  participated  in  their  prepara- 
tion did  not  testifj  San  Francisco  v.  Superior  Court  of  San 
Francisco,  38  Calif.  2d  156,  238  P.  2d  581  (1951),  in  which  the 
court  issued  a  writ  of  prohibition  to  restrain  enforcement  of 
an  order  for  the  inspection  of  documents  and  data  claimed  to 
be  the,  records  of  official  proceedings  conducted  by  the 
Civil  Service  Commission  of  San  Francisco,  which  include. 1 
a  wage  rate  survey  in  which  the  commission  solicited  informa- 
tion from  private  employers  on  the  written  promise  and 
agreement  with  each  that  the  source  of  all  information  sup- 
plied would  be  held  in  confidence  and  that  the  wage 
and  other  .lata  would  not  be  identified  except  by  a  rode 
known  only  to  the  commission,  such  survey  being  made 
neci  ssary  by  the  municipal  employees  in  accord  with  the 
generally  prevailing  wages  for  like  lervice  conditions  in 
private  employment 

(140)  6  Wigmore,  Evidence  §  1702,  1704  (3d  ed.  1940);  Mc- 
Cormick,  Evidence  §296  (1954);  Comment,  45  Mich.  L.  Rev. 
748(1947);  Note  39,  llarv.  L.  Rev.  885  (1926). 

Alabama:  Farm  Industries  Die.  of  Quaker  Oats  Co.  v. 
Howell,  39  Ala    App.  hit,  O.S  So.  2d  808  (1957). 

Arizona:  Atlantic  AV7  l-luuk  v.  Korrick,  29  Ariz.  480, 
242  Pac.  1009(1926). 

Arkansas:  St.  Louis  &  S.  F.  R.  R.  v.  Pearce,  82  Ark.  353, 
101  S.W.  700  (1907). 

Colorado:  Estes  v.  Denver  &  R.G.R.R.,  49  Colo.  378, 
113  Pac.  1005(1910). 

Connecticut:  Stale  v.  Pambianchi,  139  Conn.  543,  95  A. 
2d  695  (1953). 

Georgia:  Columbian  Peanut  Co.  v.  Pope,  69  Ga.  App. 
26,  24  S.E.  2d  710  (1943 

Idaho:  State  v.  Jens,  a.   17  Idaho  785,  280  Pac.   1030 
(1929). 
Illinois:  Nash  \ .  (  7ossere,163  111.  409, 45  N.E.  276  (1828). 
Kansas:   Webbler  v.   Umback,  125  Kans.  117,  263  Pac. 
786  (1928). 

Louisiana:  Friedman  Iron  &  Supply  Co.  v.  ,/.  B. 
Beaird  Co.,  222  La.  027,  03  So.  2d  144  (1952). 

Maine:  Washington  Ice  Co.  v.  Webster,  68  Maine  463 
(1878). 

Maryland:  Jones  v.  Ortet,  114  Md.  205,  78  Atl.  1030 
(1910). 

Michigan:  Sisson  v.  Cleveland  &  T.  R.R.,  14  Mich.  489 
(1866). 

Mississippi:  Dearborn  Motors  Credit  Corp.  v.  Hen/on. 
221  Miss.  043.  74  So.  2d  739  (1954). 

Missouri:  Bailey  v.  St.  Louis  &  S.F.  Ry.,  209  S.W. 
630  (Mo.  App.  1927 

Nebraska:  Allenderv.  Chicago  A  N.W.  Ry.,  119Nebr. 
559,  230  N.W.  102(1930). 

New  Jersey:  State  v.  Carrano,  27  N.J.  Super.  382,  99 
A.  2d  426  (1953)  (criminal  ease  recognizing  the  rule). 

New  Mexico:  Johnson  v.  Nichols,  66  N.  Mex.  181,  344 
P.  2d  697  (1959). 

New  York:  Whelan  v.  Lynch,  60  N.Y.  469  (1875);  Watts 
v.  Phillips- Jones  Corp.,  211  App.  Div.  523,  207  N.Y.  S. 
493  (1925),  Aff'd,  242  N.Y.  557,  152  N.E.  425  (1926). 

North  Carolina:  Commander  v.  Smith,  192  N.C.  159, 
134  S.E.  412  (1926). 

North  Dakota:  Schnitz  Pros.  v.  Bolles  &  Rogers  Co.,  48 
N.  Dak.  673,  186  N.W.  96  (1922), 

Pennsylvania:  Bounomo  v.  United  Distiller's  Co.,  77 
Pa.  Super.  113  (1921). 

Rhode  Island:  National  Cash  Register  Co.,  v.  Under- 
i  nod,  56  R.I.  379, 185  Atl.  909  (1936),  which  recognized  the 
rule  but  held  that  price  list  prepared  and  extended  by 
company  for  exclusive  reference  by  its  salesmen,  and  not 
in  any  way  to  be  used  as  a  price  quotation  to  the  public 
for  actual  sale,  w^as  not  probative  evidence  of  value  of 
that  commodity  in  an  open  competitive  market. 

South  Carolina:  Kirkpatrick  v.  Hardeman,  123  S.C. 
21,115  S.F.  905(1923). 

Texas:  Houston  Packing  Co.  v.  Spivey,  333  S.W.  2d 
423  (Tex.  1960).  Allen  v.  Payne,  331  S.W.  2d  607  (Tex. 
Civ.  App.  1900). 

Utah:  Baglin  v.  Earl-Eagle  Mining  Co.,  54  Utah  572, 
184  Pac.  190  (1919). 

Washington:  Cron  &  Dehn,  Inc.  v.  Chelan  Packing 
Co.,  258  Wash.  107,  290  Pac.  999  (1930). 

Wyoming:  Atlantic  Nat'l  Bank  v.  Korrick,  29  Wyo. 
468,  242  Pac.  1009  (1926). 


Contra,  Massachusetts:  Doherly  v.  / 
341,  119X. P..  863  (1918). 
(HO   Note  39,  llarv.  L.  Rev.  S85  (1926). 
(142)  See  reference  140  and  6  Wigmore,  Evidence    §  1702 

(3ded.  MHO). 

(14S)  Codeol  Ua.  ch.  7,  385  (1958);  Ky.  Rev.  Stat,  ch  355, 
§2-724  (1960);  -Mass.  Gen.  Laws  Ann.  ch.  106,  §  2  724  (1958) 
(but  see  Code  Comment  at  the  end  of  section;  6  Wigmore, 
Evidence,  §  trot  (3ded.  1940)).  Forastatemen!  of  Massachu- 
setts law  see  Doherty  v.  Harris,  230  Mass.  341,  119  N.E.  863 
(1918);  X.  Dak.  Century  ('...lech.  32,  §25-04  (1960);  Pa.  Stat, 
ch    12  \,  §2-724  (1954). 

(144)  Sisson  v.  Cleveland  &  T.  /?./,'.,  14  Mich.  489  (1866). 

(145)  6  Wigmore,  Evidence,  §§  1702, 1704  (3d  ed.  run,. 
(/('()  Foi  a  statement  of  the  rule,  see  reference  144,  Noti  21. 

P.  496.   This  approach  was  formulated  best  inMount  Vernon 
Brewing  Co.,  v   Teschner,  108  M.I.  158,  69  Atl.  502  (1908); 
.... ... I,  Fairley v. Smith, 87 N.C. 367 (1882).    I  dying 

an  option  as  permitted  hy  the  Michigan  rule,  some  , 
require  a  showing  that  the  document  is  relied  upon  by  the 
dealing  in  the  particular  article  ot  commoditj  in  ques- 
tion. See,  Johnson  v.  Nichols,  66  X.  Mex.  881,  344  P.  2d  007 
(1959).  see  generally,  45  Mich.  L.  Rev.  748  (1047);  see  refer- 
ence I45. 

(147)  The  Xew  York  rule  originated  in  Whelan  v.  Lynch, 
60  N.Y.  469,  171  (ls7a).  It  is  followed  in  Fishel  v.  /•'.  M.  Ball 
&  Co.,  s:t  Calif.  App.  128.  256  Pac.  403  (1927);  Willard  v 
Mellor,  19  Colo.  534,  36  Pac.  148  (1894);  Fountain  v.  Wabash 
Ry.,  Ill  Mo.  App.  070,  90  S.W.  393  (1905);    Schn 

Bolles  &  Rogers  Co.,  48  N.  Dak.  073,  186  X.  W.  96  (1921); 
Baglin  \.  Earl  Eagle  Mining  Co.,  .-,4  Utah  572,  184  Pac.  190 
(1919). 

(148)  In  Burns  Mfg.  Co.  v.  C/inchfield  Products  Corp., 
189  App.  Div.  569,  178  N.Y.S.  483  (1919),  the  court  adopted 
a  test  of  general  reliance  without  commenting  on  Whelan. 
In  Watts  v.  Phillips-Jones  Corp.,  211  App.  Div.  523,  207 
N.Y.S.  493  (1925),  the  court  also  applied  the  test  of  general 
reliance,  and  modified  Whelan  by  stating  that  a  showing  of 
source  and  method  of  compilation  was  not  the  only  basis 
for  qualifying  a  document.  In  von  Rectzcnstciri  v.  Tomlinson, 
249  X.Y.  60,  102  N.E.  584  (1928),  the  court  expressed  a  prefer- 
ence for  the  test  of  general  reliance. 

(149)  Chicago,  B.  &.  Q.  Ry.  v.  Todd,  74  Nebr.  712,  105 
N.W.  83  (1905);  Mount  Vernon  Brewing  Co.  v.  Teschner, 
108  Md.  158,  09  A.  502  (1908);  Marden,  Orth  &  Hastings 
Corp.  v.  Trans-Pacific  Corp.,  109  Wash.  296,  186  Pac.  884 
(1920). 

(150)  Webbler  v.  Umback,  125  Kans.  117,  263  Pac.  786 
(1928);  Jordan  v.  Miller,  232  Mich.  8,  204  N.W.  708  (1925). 

(151)  St.  Louis  I.  M.  &  S.  R.R.  v.  Laser,  120  Ark.  119, 
N179S.W.  189  (1915). 

(152)  Kentucky  Refining  Co.  v.  Conner,  145  Ala.  664,  39 
So.  728  (1905);  Schnitz  Bros.  v.  Bolles  &  Rogers  Co.,  48  N. 
Dak.  637,  186  N.W.  96  (1922). 

(153)  Howell  v.  Hines,  298  Mo.  282,  249  S.W.  924  (1923); 
Fountain  v.  Wabash  Ry.,  114  Mo  App.  676,  90  S.W.  393  (1905). 

(154)  Doherty  v.  Harris,  230  Mass.  341,  119  N.E.  863  (1819) : 
National  Bank  of  Commerce  v.  New  Bedford,  175  Mass.  257, 
56X.E.  288  (1900). 

(155)  45  Mich.  L.  Rev.  748,  752  (1947). 

(15G)  6  Wigmore,  Evidence,  §§  1690-92  (3d  ed.  1940);  Note 
19,  St.  Louis  L.  Rev.  353  (1934). 

(157)  California  was  the  first  State  to  enact  such  a  statute: 
"Historical  works,  books  of  science  or  art,  and  published 
maps  or  charts,  when  made  by  persons  indifferent  between 
the  parties  are  prima  facie  evidence  of  facts  of  general  notori- 
ety and  interest."  Calif.  Code  Civil  Proced.  §  1936.  Oilier 
States  have  enacted  statutes  similar  to  the  California  statue: 
Ala.  Code  Ann.  ch.  7,  §  413  (1940);  Idaho  Code  §  0-402  (1948); 
Iowa  Code  Ann.  §  022-23  (1958);  Mont.  Rev.  Code  Ann. 
§  93-1101-8  (1947);  Nebr.  Rev.  Stat.  §  25-1218  (1950);  Oreg. 
Rev.  Slat.  §41.670  (Supp.  1959);  Utah  Code  Ann.  §  7S-25-6 
(1953). 

(158)  The  Uniform  Rules  of  Evidence,  Ruli  63(31  .  idapted 
from  the  Model  Code  of  Evidence,  Rul.     29 

(159)  Alabama  is  the  only  jurisdiction  that  has  construed 
such  a  statute  as  permitting  the  direct  admission  of  medical 
hooks,  extracts,  and  treatises,  without  qualification  as  to 
purpose  or  ....  Che  other  States  having  such  statutes 
have  uniformly  construed  these  statutes  as  not.  to  allow  direct 
admission  of  medical  works.  City  of  Dothan  v.  Hardy,  237 
Ala.  603,  188  So.  204  (1934),  admitting  such  works,  and  the 
following,  which  deny  such  admission:  Brown  ■.  I  1 
Transit  Lines,  282  P.  2d  1032  (Calif.  App.  1955);  Wilco 
Crumpton,  219  Iowa  389,  258  N.W.  704  (1935),  recognizing 
the  rule;  Osbom  v.  Gray,  28  Idaho  89,  152  Pac.  473  (1915). 

...     not  having  such  js^atutes  follow  the  cot  «  rule 

(  on       •<;'  on  p.  38) 
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STATE 

LEGAL  MAXIMUM 

LIMITS 

OF  MOTOR  VEHICLE 

Prepared  by  the  Buxeai 

n 

Line 

State 

Width 
inches' 

Height 
ft. -in. 

Length-feet2 

Number   of  towed   units 

Axle  load-pounds 

Single    unit 

Truck 
tractor 

trailer 

Other 
combi- 
nation 

Semi- 
trailer 

Full 
trailer 

Semi- 
trailer 
and  full 
trailer 

Single                                           Tandem 

Type  of  rj 

Truck 

Bus 

Statutory 
limit 

Including 

statutory 

enforcement 

tolerance 

Statutory 
limit 

Including 

statutory 

enforcement 

tolerance 

■ 

1 
2 
3 
4 
5 

Alabama 
Alaska 

Arizona 

Arkansas 

California 

96 
96 
% 
96 
96 

13-6 
12-6 
13-6 
13-6 
13-6 

35 

35 
40 
35 
35 

40 

"40 

40 

40 

»35 

50 
60 
65 
50 
60 

NP 

60 
65 
50 
65 

NR 

NP 
1 
1 
1 

NR 

NP 

2 

2 

NP 

NR 

18,000 
1 8,  000 
18,000 
18,000 
18,000 

19,800 
7  18,500 

36,000 
32,000 
32,000 
32,000 
32, 000 

39,600 

32,500 

Table 
Table-tire 

Table 
Spec.  ™xi 

Tohle 

6 
7 
8 
9 

Colorado 

Connecticut 

Delaware 

District  of  Columbia 

"96 
102 
96 
96 

12  13-6 

12-6 

6 12-6 

12-6 

35 
50 
40 
40 

40 
50 
42 
40 

60 
50 
50 
50 

10  60 
NP 
60 
80 

2 
NP 

2 
NP 

2 
NP 

18,000 
22,400 
20,000 
22,000 

22,848 

36,000 
36,000 
36,000 
38,000 

Formula-sp 
36,720     Spec,  lim.- 
Table-spec 
Table 

10 
11 
12 
13 

Florida 
Georgia 
Hawaii 
Idaho 

96 
96 

108 
"96 

13-6 
13-6 

13-0 
14-0 

14  35 
15 +39 

40 
35 

40 

is+45 

40 

"40 

55 
50 
55 
60 

55 
50 
65 
65 

NP 

NP 

2 

2 

20,000 
18,000 
24,000 

'"  18,000 

22,000 
20,  340 

40,000 

36,000 

32,000 

20  32,  000 

44,  000 
40,680 

Table 
Spec,  maxi 
Formula17 
Table20 

14 
15 
16 
17 

Illinois 
Indiana 
Iowa 
Kansas 

96 
96 
96 
96 

13-6 
13-6 
13-6 
13-6 

42 
36 
35 
35 

42 

40 

"40 

"40 

"55 
50 
50 
50 

2  5  60 
50 
50 
50 

24  1 

2 

2 

NP 

NP 

21  18,000 

23  18,000         23  19,000 
18,000             18,540 

18,000 

32,000 

23  32,000 

32,000 

32,000 

23  33,000 
32,960 

Spec,  lim.- 
Spec.  lim.- 
Toble 
Table 

18 
19 
20 
21 

Kentucky 

Louisiana 

Maine 
Maryland 

96 

96 

96 

is  96 

1213.6 

13-6 

30  12-6 

0  12-6 

26  35 
35 
55 
55 

26  35 

"40 

55 

55 

27  50 
50 
55 
55 

NP 

60 
55 

4  "55 

NR 

NP 
NR 

NP 
NP 

NP 
NR 

18,000 

18,000 

30  22, 000 

22,400 

28  18, 900 

32,000 
32,000 

30  32,000 

31  40,  000 

2833,6(»!spec.  lim.- 
Axle  lim.-t 
Table-tire 
Formula 

22 
23 
24 
25 

Massachusetts 
Michigan 
Minnesota 
Mississippi 

96 
96 
96 
96 

NR 

13-6 

13-6 

6  12-6 

35 

35 
40 
35 

"40 
40 
40 
40 

50 
55 
50 
50 

NP 
55 

50 
50 

NP 

NP 

2 

NP 

NP 

22,  400 

"  18,000 

18,000 

18,000 

36,  000 

3432,000 

32,000 

28,  650 

35  32,  000 

Table-sp< 
Axle  lim. 
Table 
Table-tin 

26 
27 
28 
29 

Missouri 
Montano 
Nebraska 
Nevado 

96 

"96 
96 
96 

12-6 

13-6 

13-6 

NR 

35 

35 
40 
NR 

40 
40 
40 
NR 

50 
60 
60 
NR 

50 
60 
60 
NR 

NR 

NR 

2 

372 

2 
NR 

18,000 
18,000 
18,000 
18,000 

18,900 
18,900 

32,000 
32,  000 
32,000 
32,000 

Table 

Table 

33,600    Table 

33,600     Table 

II 
1 

30 
31 
32 
33 

New  Hampshire 
New  Jersey 
New  Mexico 
New  York 

96 

44  96 

•i  96 

96 

13-6 

4413-6 

13-6 

13-0 

35 

35 
40 
35 

35  40 

"35 

40 

42  35 

50 
50 
65 
50 

50 

40  50 

65 

50 

NR 

NR 

NR 

NP 

2 

NP 

22,400 
22,400 
21, 6X 
22,400 

23,  520 

36,  000 
32,  000 
34,320 
36,000 

33,  600 

To  ble  s-s ; 
Spec,   lim 
Table 
Formula 

• 

34 
35 
36 
37 

North  Carolina 
North  Dakota 
Ohio 
Oklahoma 

96 
96 
96 
96 

6  12-6 
13-6 
13-6 
13-6 

35 

14  35 

35 

35 

"40 

"40 

"40 

45 

43  50 
60 
50 

45  60 

43  55 
60 
60 

"560 

NR 

NP 

2 

NR 

NP 

18,000 
18,000 
19,000 
18,000 

19,000 

36,  000 
32,000 
31,500 
32,  000 

38, 000 

Spec,  lim 
Formula 
Formula 
Table 

! 

1 

37 
38 
39 
40 

Oregon 
Pennsylvania 
Puerto  Rico 
Rhode  Island 

96 
96 
96 
102 

12  13-6 

6  12-6 

12-6 

12-6 

35 

35 
35 

40 

35  40 

"40 

35 

40 

46. 35  55 

56  50 
50 
50 

35  65 

40  50 

£0 

50 

352 

NP 
NP 
NP 

47  18,000 

22,  400 

NS 

22,400 

23,  072 

47  32,000 

36,  000 

NS 

NS 

37,080 

Table*8 
Spec,  lim 
Spec,  lim 
Spec,  lim 

II 

42 
43 
44 
45 

South  Carolina 
South  Dakota 
Tennessee 
Texas 

96 

96 
96 
96 

13-6 

136 

6  12-6 

13-6 

14  35 
35 
35 
35 

"40 
40 
40 
40 

55 

60 
50 
50 

59  60 

60 
50 

50 

53  ] 

NP 

2 

NP 

NP 

20,000 
18,000 
18,000 
18,000 

18,900 

32,000 
32,000 
32,000 
32,000 

33,600 

Table            1 
Toble           I 
Table 
Table            I 

46 
47 
48 
49 

Utah 
Vermont 
Virginia 
Washington 

96 
96 
96 
96 

14-0 

12-6 

6  12-6 

13-6 

45 
50 
35 
35 

45 

50 

35  40 

"40 

60 
50 
50 
60 

60 

50 

50 

58  65 

NR 

NR 

NR 
NP 
NP 

582 

18,000 
NS 

18,000 
18,000 

18,000 

64  33,  000 

NS 

57  32,  000 

32,  000 

Table'5 
Spec,  lim 
Table 

32,000    Table-sp: 

1 

) 
i 

50 
51 
52 

West  Virginia 

Wisconsin 

Wyoming 

96 
96 
96 

6  12-6 
13-6 
13-6 

35 
35 
40 

"40 
40 
40 

50 
50 
65 

50 
50 
65 

NP 

NP 

2 

18,000 
18,000 
1 8. 000 

18,900 
60  19,500 

32,000 
30,400 
32,000 

33,600 

32,000 

62  36.  000 

Table 

Table61   . 
Table 

AASHO  Policy 

96 

12-  6 

35 

"40 

50 

60 

1 

NP 

18,000 

32,  000 

Table 

i 

f     Higher 
Number  of  States    (     Same 
{    Lower 

3 

49 
0 

45 

7 
0 

18 

34 
0 

31 
16 
5 

23 
29 
0 

11 

9 

32 

47 
0 

6 

42 

4 

25 
27 
0 

31 
21 

0 

30 
21 

1 

Formula, 

Table 

Specifie 

;•■ 

NP— Not  permitted.                               NR  — Not  restricted.                               NS-Not  specified. 
Various  exceptions  for  farm  and  construction  equipment;  public  utility  vehicles,  house    trailers,  urban,  suburban,  and  school 
buses;  houlage  of  agricultural  and  forest  products;  ot  wheels  of  vehicles,  for  safety  accessories,  on  designated  highways,  and  as 
administratively  authorised. 

Various  exceptions  for  utility  vehicles  and  loads,  house  trailers  and  mobile  homes. 
3  When  not  specified,  limited  to  number  possible   in  practical  combinations  within  permitted  length  limits,  various  exceptions 
for  form  tractors,   mobile  homes, etc. 

Legolly  specified  or  established  by  administrative  regulation. 

Computed  under  the  following  conditions  to  permit  comparison  on  a  uniform  bosis  betwen  States  with  different  types  of 
regulation: 

A.     Front  axle  load  of  8,000  pounds. 

6.    Maximum  practical  wheelbase  within  applicable  length  limits: 

(1)  Minimum  front  overhang  of  3  feet. 

(2)  In  the  case  of  a  4a«U  truck-tractor  semitrailer,  rear  overhang  computed  as  necessary  to  distribute  the  maximum 
possible  unifofm  load  on  the  maximum  permitted  length  of  semitrailer  to  the  single  drive-axle  of  the  tractor  and  to  the  tandem 
axles  of  the  semitrailer,  within  the  permitted  load  limits  of  each. 

(3)  In  the  case  of  a  combination  having  5  or  more  oxles,  minimum  possible  combined  front  and  rear  overhang  as- 
sumed to  be  5  feet,  with  maximum  practical   load  on  maximum  permitted  length  of  semitrailer,   subject  to  control  of  loading  on  axle 
groups  and  on  totol  wheelbase  as  applicable. 

C.    Including  statutory  enforcement  tolerances  as  applicable. 
6  Auto  transports   13  feet  6  inches;  Maryland  also  allows  13  feet  6  inches  for  vehicles  loaded  with  hay  or  straw,  or 
carrying  flat  glass. 

'Does  not  apply  to  combinations  of  adjacent  load-carrying  single  oxles. 
e56,000  pounds  on  load-carrying  axles,  exclusive  of  steering-axle  lood. 

90n  specific  routes  in  urban  or  suburban  service  under  special  permit  from  P.U.C.  40  feet,  also  3-axle  buses  with  turning 
rodlus  less  than  45  feet  without  restriction. 

Except  3-unit  combinations  may  use  up  to  65  ft.  combinations  on  certain  highways  designated  by  the  Deportment  of 
Highways. 

11  Buses  102  inches  on  highways  of  surfaced  width  at  least  20  feet  or  otherwise  as  administratively  authorized. 

12  On  class  AA,  or  designated  highways,   12  ft.  6  in.  on  other  highways;   log  and  lumber  trucks  limited  to  1  2  ft.  6  in.  on  all 
highways  in  Oregon. 

13  Legal  limit  60.000  pounds,  axle  spacing  27  feet  or  more 
'•Three-axle  vehicles  40  feet. 

15  Truck  39.55  feet;  bus  45.20  feet. 

"63,280  pounds  maximum,  except  on  roods  under  J 

17 700  (L+40)  when  L  is  18'  or  less;  800  (L+40)  wi 
with  span  of  20'  or  over. 

"'Vehicles  loaded  with  tobacco  hogsheads- 103  in: 

"Less  than  three  oxles  35  feet. 

Special   limits  for  vehicles  hauling  timber  and  til 
including  livestock;  single  axle  18,900  pounds,  tandem 
mitted  66,000  pounds  maximum  ot  21 -foot  axle  spacing,! 
foot  axle  spac  ing. 

2l0n  designated  highways,   16,000  pounds  on  other 

22Without  tandem  axles  45,000  pounds. 

"'On  designated  highways,   single  axle  22,400  pou. 
excesses  of  weight  under  one  or  more  limitotions  of  ox 
front  or  steering  axle. 

^     Towing  agent  must  be  registered  for  gross  weigh: 
Ado  transports  only,  60  feet. 

260n  designated  highways;  trucks  26.5  feet  and  bu: 

27Closs  AA  highways;  45  feet  on  other  highways.     '! 

•"Class  AA  highways  only. 
'Ma., mum  gross  weight  on  Class  A  highways  42.C 

30  Including  load  14  feet;  vorious  exceptions  for  vel 

31  Tandem  axles  spaced  less  than  48  inches  oport  < 
32Subject  to  axle  and  tabular  limits. 

33  Single  axle  spaced  less  than  9  feet  from  nearest! 
,40n  designated  highways  only  and  limited  to  one  II 

On  designated  highways  only. 
"Administrative  regulation-32,000  pounds  allow.| 
2ond_5is  28  ft.  o,  more. 

37Semitroiler  and  semitrailer  converted  to  full  trai 
"Dual-drive  axles;  otherwise  40,000  pounds. 
Or  as  prescribed  by  P.U.C. 
Exception  for  poles,  pillings,  structural   units,  ril 
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mit 

Specified    maximum  gross    weight— pounds 

Practical    maximum  gross  weight— pound  ss 

Lin. 

pplicable   to: 

Truck 

Truck 

tractor    semitrailer 

Other 

Truck 

Truck-tractor   semitrailer 

Other 

y 

Total 

lip 

wheel 
base 

2-axle 

3-axle 

3-axle 

4-oxle 

5-axle 

combi- 
nation 

2-axle 

3-axle 

3-axle 

4-axle 

5-axle 

combi- 
nation 

•s 

18' 

only 

X 
Over  18' 

36,  000 

50,000 

50,000 

72,000 

76. 800 

76,  800 

27,800 
26,000 

47,600 
40,000 

47,600 
44,000 

60,010 
58,000 

64,650 
72,000 

NP 

76,  800 

1 
2 
3 

18' 

Over  18' 

26,000 

40,000 

44,000 

58,000 

72,000 

76,  800 

26,500 

40,500 

45,000 

59,000 

65,000 

65, 000 

4 

18' 

Over  18' 

26,000 

40,000 

44,000 

58.000 

72,000 

76, 000 

5 

X 

30,000 

46,000 

26,000 

44,000 

44,000 

62,000 

76,000 

76,000 

6 

32,000 

50,000 

50,000 

60,000 

60,000 

NP 

30,848 

44,720 

51,000 

61,200 

61,200 

NP 

7 

X 

30,000 

46,000 

48,000 

60,000 

60,000 

60,000 

28,000 

48,000 

48,000 

56,350 

,    60,000 

60,000 

8 

X 

30,000 

46,000 

52,000 

54  58,450 

51«1,490 

54  64,650 

9 

X 

30,000 

52,000 

52,000 

65,200 

73,095 

73,095 

10 

63,280 

28,340 

48,680 

48,680 

63,280 

63,280 

63,280 

11 

X 

32,000 

38,800 

56,000 

64,000 

72,000 

80,000 

12 

X 

26,000 

40,000 

44,000 

58,000 

73,  280 

76,800 

13 

36,000 

22  41,000 

45,000 

59,000 

72,000 

72,000 

26,000 

40,000 

44,000 

58,000 

72,000 

72,000 

14 

'  „ 

72,000 

27,000 

41,000 

45,000 

59,000 

23  73,000 

23  73,000 

15 

X 

26,540 

40,960 

45,080 

59,500 

73,280 

NP 

16 

X 

26,000 

40,000 

44,000 

55,470 

73,280 

73,280 

17 

36,000 

50,000 

54,000 

59,640 

73,280 

NP 

26,900 
26,000 

41,600 
40,000 

45,800 
44,000 

59,640 
58,000 

73,280 
72.000 

NP 
76,000 

18 
19 

x 

32,000 

30  51,  800 

51,800 

60,050 

70,  550 

70,  550 

30,000 

40,000 

51,800 

62,040 

70,  550 

70,  550 

20 

X 

65,000 

65,000 

65,000 

65,000 

30,400 

48,000 

52,800 

65,000 

65,000 

65,000 

21 

32  46,000 

32  73, 000 

32  73,  000 

32 73, 000 

32  73,000 

NP 

30,400 

53, 500 

64,  300 

73,000 

73,000 

NP 

22 

26,000 

35  40,000 

44,000 

35  58,000 

35  66.000 

35  102,000 

23 

X 

36 73, 280 

26,000 

40,000 

44,000 

58,000 

36  72,  000 

72,500 

24 

X 

26,000 

35  40,000 

44,000 

59,000 

35  64,650 

35  64,650 

25 

X 

26,000 

40,000 

44,000 

55,470 

64,650 

64,650 

26 

18' 

Over  18' 

26,000 

40,000 

44,000 

58,000 

72,000 

76,000 

27 

X 

36,000 

54,000 

54,000 

71,146 

71,146 

71,146 

26,780 

41,200 

45,320 

59,740 

73,280 

73,280 

28 

18' 

Over  18' 

26,900 

41,600 

45,800 

60,500 

75,200 

76,800 

29 

X 

33,400 

18  47.500 

52,800 

66,400 

30,400 

44,000 

52,800 

66,400 

66,400 

66,400 

30 

30,000 

40,000 

60,000 

60,000 

60,000 

60,000 

31,500 

41,600 

55,040 

63,000 

63,000 

63,000 

31 

18' 

Over  18' 

29,600 

42,320 

51,200 

63,920 

76,640 

86,400 

32 

X 

65,000 

65,000 

30,400 

44,000 

52,800 

65,000 

65,000 

65,000 

33 

31,500 

46,200 

46,200 

65,100 

65,100 

65,100 

27,000 

46,000 

46,000 

65,100 

65,100 

65,100 

34 

18' 

Over  18' 

26,000 

38,000 

44,000 

56,000 

4464,000 

44  64,000 

35 

X 

27,000 

39,500 

46,000 

58,500 

71,000 

78,000 

36 

X 

26,000 

40,000 

44,000 

58,000 

72,000 

73,280 

37 

18' 

Over  18' 

48 76,  000 

48  76,000 

26,000 

40,000 

44,000 

58,000 

72,000 

48  76,000 

38 

• 

33,000 

47,000  :          50,000 

60,000  ,           60,000 

62,000 

31,072 

45,080 

51,500 

61,800 

61,800 

63,860 

39 

40 

50  36,000 

51  44,000 

52  50,000 

"60,000 

60,000 

88,000 

30,400 

44,000 

50,000 

60,000 

60,000 

88,000 

41 

X 

28,000 

40,000 

48,000 

60,000 

66.839 

71,115 

42 

X 

26,000 

40,000 

44,000 

58,000 

72,000 

73,280 

43 

X 

26,000 

40,000 

44,000 

58,000 

61,580 

43,500 

44 

X 

26,900 

41,600 

45,800 

60,500 

75,200 

75,600 

45 

X 

26,000 

41,000 

44,000 

59,000 

74.000 

79,900 

46 

1 

55«32,000 

55b55,000 

S5c52,800 

55d66,400 

55d66,400 

55d66,400 

55"32,  000 

55b55,000 

55c52,800 

55d66,  400 

55^66,400 

"d  66,  400 

47 

X 

35  56,800 

36  56,800            26,000 

40,000 

44,000 

56,800 

56,800 

56,800 

48 

pi  8' 

Over  18' 

28,000 

36,000 

46,000 

60,000 

68,000 

72,000 

26,000 

36,000 

44,000 

60,000 

68,000 

72,000 

49 

X 

66  70,  000 

6*70,000 

66  70, 000 

26,900 

41,600 

45,800 

57,844 

63,840 

63,840 

50 

X 

27,500 

40,000 

47,000 

59,500 

73,000 

73,000 

51 

X 

26,000 

44.000 

44.000 

62.000 

73,950 

73,950 

52 

X 

26,000 

40,000 

44,000 

55,470 

61,490 

71,900 

ll  ■>„ 

~ 

29 

27 

29 

49 

46 

27 

20 

18 

22 

20 

22 

2 

1 

0 

.1 

0 

4 

0 

0 

4 

24 

41  On  designated  highways  102  inches. 

ll  50.000  pounds  maximum. 

42Trackless  trolleys  ond  buses  7  passengers  or  more,  P.S.C.  certificate  40  feet. 

■  '     18';  900  (L+40)  on  highways  haying  no  structures 

43  Including  front  and  rear  bumpers. 

44  Vehicles  in  excess  may   be  operated  under  special  permit  obtained  in  advance  from  the  Deportment  of  Motor  Vehicles. 

45  Auto  transports  only,  by  special  permit  only. 

4660  feet  allowed  truck  tractor  semitrailer  on  designated  major  routes. 

'i'  concentrates,  aggregates,  and  agricultural  products 

"Logging  vehicles  permitted  7-foot  wheelbase  tolerance,  19,000-pound  single  axle,  34,000-pound  tandem  oxle. 

r  ,  gross   weight  table:    vehicle  with  3  or  4.  axles  per- 

48  Governs  gross  weight  permitted  on  highways  designated  by  resolution  of  Stote  highway  commission  or  by  permit,  oth 

er- 

l|  ore  axles  permitted  79,000  pounds  maximum  at  43 

ise  73,280. 

4*Single  unit  truck  with  4  axles  permitted  60,000  pounds. 

II 

50Axles  spaced  less  than  6  feet   32,000  pounds;  less  than  12  feet  36,000  pounds;  12  feet  or  more  gross  weight  govern 

,d  by 

„!  000  pounds;  tolerance  of  1,000  pounds  on  total  of  all 

a 

51  Single  vehicle  with  3  or  more  oxles  spaced  less  than  16  feet  40,000  pounds;  lesi  than  20  feet  44,000  pounds;  20  fee 

t  or 

oi    ight;  depending  upon  the  placing  of  9000"  on  the                 n 

lore  governed  by  axle  limit. 

52  Ttoctor  semitrailer  with  3  or  more  axles  spaced  less  than  22  feet  46,000  pounds;  not  less  than  27  feet  50,000  pound 

1, 

ch    except  agricultural  commodities 

53  Limited  to  3,500  pounds. 

54  Pavements  only,  maximum  legal   load  for  bridges  56,800  pounds. 

0*  highways. 

5SOn  Interstate  Routes:    c.   30,000  lbs.;   b.  40,000  lbs.;  c.  50,000  lbs.;  d.  60,000  lbs 

56Where  truck-tractor  is  properly  registered  in  Pennsylvania,  55  feet. 

57  Vehicles  registered  before  July  1,  1956,  permitted  limits  in  effect  January  1,  1956,  for  life  of  vehicle. 

)!    B  highways  30,000  pounds. 

58  Three. unit  combinations  ond  full  truck  and  full  trailer  combinations  on  designated  highways. 

(tT  products  ond  construction  materials. 

"House  trailers  only. 

r><  Imitation  of  36,000  pounds. 

60Axle  load  21,000  pounds  on  2-axle  truck  s  hauling  peeled  or  unpeeled  forest  products  cut  crosswise  or  transporting  n 
farm  to  market  but  not  over  Interstate  oystem. 

■  ilk  from 

dl  K)  pounds. 

61  On  Class  A  highways.    All  axles  of  o  vehicle  or  combination-73,000  pounds  maximum.    Wheel,  oxle,  oxle  group  and 

gross 

.(filiation;  otherwise  26,000  pounds. 

ehicle  weights  on  Class  B  highways  are  60°"o  of  weights  authorized  for  Class  A  highways. 
62  Based  on  ruling  of  Attorney  General. 

■.idum  axles  provided  the  distance  between  axles 

63  Weight  limits  to  be  established  by  administrative  regulations 

nil  v. 

64  For  axle  spocing  under  8  feet. 

Zt:*»  :e:,:;it^r:t:-riorr^.d  :^,rLad.  commissioner,  and  ..„,„ *  *„,,. 

ssional 

,  rtrnil 

ted  70  feet 

let. on. 
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(Reference  s  continued  from  p.  35) 


prohibiting  the  use  of  medical  works  as  direct  evidence  in 
the  courtroom,  except  in  certain  specified  cases  authorized 
by  statutes.    S.  C.  Code  5  26-142  (19  i  ten.  Laws 

Ann.  eh.  233  §  79C  (1958);  and  Nev.  Rev.  Stat.  §  51.040 
(I960). 

{ISO)  See  reference  132;  Sprowls,  The  Admission  of  Samplt 
Data  into  a  Court  oj  Law.  A  Case  History,  I  U.C.L.A.  L. 
Ke\  222  (1957);  McCoid,  The  Admission  of  sample  Data 
into  a  Court  of  Law:  Some  Further  Thoughts,  4  U.C.L.A. 
L.  Rev.  233  (1957);  Note,  Public  Opinion  Surveys  As  Evi- 
66  Harv.  L.  Rev.  his  (1953);  Note,  Umissibility  of 
Public  Opinio,,  Polls,  37  Minn.  L.  Re\  .  385  (1953) 

(161)  6  Wigmore,  Evidence,  §  1698  (3d  ed.  1940). 

(162)  McCoid,  reference  160,  Note  37,  pp.  223-24.  Inter- 
ested readers  arc  referred  to  the  following  publicationsfor 
detailed  studies  on  survey  and  poll  methodology:  Parten, 
Surveys,  Tolls  and  Public  Opinion  (1949);  Cantril,  Gauging 
Public  Opinion  (1947);  Blankenship,  Consumer  emit  Opinion 
Research  (1934);  sec  the  reference  guide  of  Smith,  Lasswell, 
and  Casey,  Propaganda,  Communication  and  Public  Opinion 
(1946).  l-'<>i  a  discussion  of  the  courts'  attitude  toward  the 
methodology  of  the  taking  ol  sui  \  eys  or  public  opinion  polls. 
sec  Annot.,  76  A.L.K.  2d  619,  633-40. 

McCoid,  reference  160. 

(164)  United  Slates  v.  88  Cases,  187  F.  2d  967  (3d  Cir.), 
cert.  den.  342  U.S.  861  (1951);  Hermann  v.  Newark  Morning 
Ledger  Co.,  48  N..T.  Super.  420,  13S  A.  2d  61  (1958).  See 
Zeisel's  discussion,  reference  160,  Note  6;  Gfi  Harv.  L.  Rev., 
refi  "'in  r  ion 

(165)  Gulf  Oil  Corp.  v  F.T.C.,  150  F.  2d  106  (5th  Cir.  1945); 
Sorensen  *  Sorensen,  Responding  to  Objections  Against  tin 
Use  of  Opinion-Survey  Findings  in  the  Courts,  2  J.  Marketing 
133, 134  (1955);  sei  generally  Barksdale,  Usi  of  Survey  Research 
Findings  as  Legal  Evidence  (1957);  Caughey,  The  Useof  Public 
Polls,  Surveys  and  Sampling  us  Evidenct  in  Litigation  and 
Particularly  Trademark  and  Unfair  Competition  Cases,  41 
Calif.  L.  Rev.  539  (1956);  Hall.  Evidence-Hearsay-Admissibil- 
itii  of  Public  Surveys  in  Unfair  Competition  Cases,  16  Trade- 
mark Rep.  154  (1956);  Keeker,  idmission  in  Courts  of  Lam  of 
Economic  Data  Based  on  Samples,  28  J.  Bus.  118  (1955);  Note 
20,  Oeo.  Wash.  L.  Rev.  211  (1951);  Note  66,  Harv.  L.  Rev. 
498  (1953);  Annot.,  76  A.L.R.  2d  619  (1961). 

(166)  United  States  v.  United  Shoe  Mach.  Corp.,  93  F.  Supp. 
190  (D.  Mass.  1950);  United  States  v.  J.  I.  Case  Co.,  101  F. 
Supp.  856  1 1).  Minn.  1951);  but.  see  United  Slates  v.  E.  I. 
Dupont  de  Nemours  &  Co.,  177  E.  Supp.  I  (D.  111.  1959). 

(167)  RKO  Radio  Pictures  v.  Jarrico,  L28  Calif.  App.  2d 
172,  274  P.  2d  928,  cert,  denied,  349  U.S.  928  (1954);  Las  1  'egas 
son.  Inc.  v.  Franklin,7i  Nev.  282, 329  P.  2d  867  (1958);  Great 
Atlantic  &  Pacific  Tea  Co.  v.  A.   &  P.  Trucking  Corp.,  51 


N.  J.  Super.  412  144  A.  2d  172  (1958),  modified  on  other 
grouni  Is,  29  NT.  J.  155,  149  A .  2d  595  1 1 959) .  Dean,  Sampling  to 
Produce  h'.rideuceau  Whichthe  Courts  n  ill  Rely,  Current  Bus. 
Studies  No.  19.  p.  6  (1954). 

In  R(  poutth  \ .  (  'nited  states,  165  F.  2d  152,  153  (2d 
Cir.  1947),  Judge  Learned  Hand  stated  that  the  courts  have 
no  Gallup  poll  to  aid  them  in  discovering  the  meaning  of  the 
"good  moral  character,"  required  of  any  applicant  for  natu- 
ralization; a  poll  is  a  possible  method  for  verifying  a  position 
as  to  moral  justifiability  of  an  act  performed  by  an  applicant 
for  naturalization. 

(169)  Survey  methods  may  be  used  to  discover  whether 
there  is  sufficient  local  prejudice  to  justify  a  change  of  venue 
in  criminal  cases.  See  Note  54,  Harv.  L.  Rev.  679,  684  (1941); 
Sorensen.  The  Hole  of  Public  Sentiment  and  Personal  Preju- 
dice in  Jury  Trials  of  Criminal  Cases,  Ch.  X  (unpublished 
dissertation,  the  University  of  Chicago). 

(170)  Woodward.  .1  Scientific  Attempt  to  Provide  Evidena 
for  a  Decision  on  Change  of  Venue,  17  Am.  Sociol.  Rev.  447 
(1952). 

(171 )  "Value  is  nothing  more  than  the  price  for  which  prop- 
erty may  be  sold  and  the  value  of  other  like  property  is  highly 
j irobative  as  to  the  value  of  the  property  in  question  .  .  .  . 
In  the  commercial  field  there  is  no  more  commonly  accepted 
method  for  ascertaining  property  values  than  by  comparison 
with  other  property  and  the  prices  at  which  it  is  sold." 
City  of  I  OS  I  ngi  les  v.  Cole,  28  Calif.  2d  509,  521,  170  P.  2d  928, 
934  (1946)  (dissenting  opinion).  See  2  Wigmore,  Evidence, 
§  463  (3d  ed.  1940).  Since  comparison  of  similar  property  is 
necessary  for  valuation,  survey  methods  could  be  used  in  ac- 
cumulating and  presenting  in  aggregate  form  data  of  com- 
I nimble  sales. 

(172)  McCoid,  reference  160,  p.  235. 

(173)  United  Slates  v.  88  Cases,  187  F.  2d  967  (3d  Cir.),  cert, 
denied,  342  U.S.  861  (1951);  Dean,  reference  167,  p.  5. 

(174)  Sorensen  <Sr  Sorensen,  reference  165,  p.  137. 

(175)  Quaker  Oats  Co.  v.  General  Mills,  Inc.,  134  F.  2d  429 
(7th  Cir.  1943);  Oneida,  Ltd.  v .  National  Silver  Co.,  25  N.Y.S. 
2d  271  (Sup.  Ct.  1940);  cf.  Alexander  Young  Distilling  Co.  v. 
National  Distillers  Prod.  Corp.,  40  F.  Supp.  748  (E.D.  Pa. 
1941). 

(176)  Pretrial  Practice  in  Stale  Condemnation  Cases  for 
Highway  Purposes,  by  M.  H.  Naftalin,  in  Highway  Laws, 
1961,  Highway  Research  Board  Bulletin  294,  pp.  15-30;  for 
a  bibliography  of  articles  on  pretrial  procedure,  see  Report 
of  Comm.  on  Condemnation  and  Condemnation  Procedure, 
Municipal  Law  Section,  A.B.A.,  1960,  at  153.  In  a  condem- 
nation proceeding,  a  number  of  economic  facts  may  be  stip- 
ulated; for  instance,  the  severance  damage  case  studies  or  the 
economic  impact  study  findings   could  be  stipulated  as 


factual  materials  to  which  there  would  be  no  objection. 
Thus,  a  struggle  over  the  adequacy  or  inadequacy  of  the 
data  may  be  avoided.  In  this  fashion,  solid,  factual  materi- 
als may  be  admitted  on  stipulation,  thereby  narrowing 
wide  disparities  in  land  estimates  through  the  mutual  agree- 
ment in  use  of  research  materials. 

(177)  Submitting  such  a  report  to  opposing  counsel  does 
not  include  the  work  product  of  the  proponent  of  the  report. 
It  is  discoverable  by  the  other  side  only  if  there  are  special 
circumstances  that  make  it  essential  to  the  preparation  of 
his  case  and  in  the  interest  of  justice  that  the  statements  be 
produced  for  his  inspection  or  copying.  See  Hickman  v. 
Taylor,  329  U.S.  495  (1947);  Walsh  v.  Reynolds  Metals  Co., 
15  F.R.D.  376  (D.  N.  .1.  1954);  see  generally  Luttrell,  Some 
Applicable  Rules  in  the  Trial  of  a  Condemnation  Case,  28 
Appraisal  J.  213,  210  (1960). 

(178)  Kennedy,  Law  and  the  Courts,  in  The  Polls  and  Public 
Opinion,  pp.  92,  1C1  (1949);  Comment,  30  Tex.  L.  Rev.,  pp. 
112,   118  (1951). 

(179)  Kennedy  reference  178,  p.  101;  Sorensen  &  Sorensen, 
reference  105,  pp.  134  el  seq. 

(180)  Barksdale,  Use  of  Survey  Research  Findings  as  Legal 
Evidence,  p.  xiii  (1957). 

(181)  United  States  v.  Magyar,  273  F.  2d  412  (2d  Cir.  1959); 
State  v.  Hunter,  270  Ala.  57,  116  So.  2d  383  (1959);  Arkansas 
State  Highway  Commission  v.  Addy,  329  S.W.  2d  535  (Ark. 
1959);  Arkansas  Stule  Highway  Commission  v.  Huges,32% 
S.W.  2d  391  (Ark.  1959);  Skinner  v.  Polk  County,  250  Iowa 
1264,  98  N.W.  2d  749  (1959);  Stortenbecker  v.  Iowa  Power  & 
Light  Co.,  250  Iowa  1073,  96  N.W.  2d  468  (1959);  Luecke  v. 
State  Highway  Commission,  186  Kans.  584,  352  P.  2d  454 
(1960);  United  Fuel  Gas  Co.  v.  Mauk,  325  S.W.  2d  339  (Ky. 
1959);  Mississippi  Stale  Highway  Commission  v.  Peterson, 
117  So.  2d  452  (Miss.  1960);  Mississippi  Stale  Highway  Com- 
mission v.  Pittman,  238  Miss.  402,  117  So.  2d  197  (1960);  Mis- 
sissippi Slate  Highway  Commission  v.  Ellzey,  237  Miss.  345, 114 
So.  2d  769  (1959);  Mississippi  Stale  Highway  Commission  v. 
Taylor,  237  Miss.  847,  116  So.  2d  757  (1959);  Clark  County 
School  Dist.  v.  Mueller,  348  P.  2d  164  (Nev.  1960);  Allbro  v. 
Vallone,  158  P.  2d  571  (R.I.  1960);  Slate  v.  Coffield,  328  S.W. 
2d  916  (Tex.  1959);  Utech  v.  City  of  Milwaukee,  9  Wis.  2d 
352,  101  N.W.  2d  57  (1960). 

(182)  Arkansas  Slate  Highway  Commission  v.  Addy,  329 
S.W.  2d  535  (Ark.  1959);  United  Fuel  Gas  Co.  v.  Mauk,  325 
S.W.  2d  339  (Ky.  1959);  Mississippi  State  Highway  Commis- 
sion v.  Taylor,  237  Miss.  847,  116  So.  2d  757  (Miss.  1959). 

(183)  Clark  County  School  Dist.  v.  Mueller,  348  P.  2d  164 
(Nev.  1960);  Allbro  v.  Vallone,  158  A.  2d  571  (R.I.  1960); 
Utech  v.  City  of  Milwaukee.  9  Wis.  2d  352,  101  N.W.  2d  57 
(1960) . 


APPENDIX  I 


States  Whose  Constitutions  Require  Compensation 


Part  A,  For  Taking  Property  by 
Eminent  Domain 

Alabama:'  Ala.  Const.,  art.  1,  §  23. 
Connecticut:  Conn.  Const,.,  art.  1.  §  11. 
Delaware:    Dela.  Const.,  art.  1,  §  s. 
Florida:  Fla.  Const.,  Declar.  ol  Rts.,  §12. 
Hawaii:  Hawaii  Const,.,  art  1,  §  18. 
Idaho:  Idaho  Const,.,  art.  1,  §  14. 
Indiana:  Ind.  Const.,  art.  1,  §  21. 
Iowa:  Iowa  Const.,  art.  1,  §  18. 

Kansas:  -  Kans.  Const.,  art.  12,  §4  (not  applicable  to  the 
State  or  public  corporations). 
Kentucky:  1  Ky.  Const..,  §  13. 
Maine:  Maine  Const.,  art  1,  §  21. 
Massachusetts:  Mass.  Const.,  pt.  1.  art.  1(1. 
Maryland:  Aid.  Const.,  ait.  3.  §40. 
Michigan:  Mich.  Const.,  art.  13,  §  1. 
Nevada:  Nev.  Const.,  art.  1,  5  s. 


New  Hampshire: 3  N.II.  Const.,  pt.  1.  art.  12  (by  implica- 
tion as  construed.  Great  Falls  Mfg.  Co.  v.  Vernald,  47  N.II. 
444,  455  (1867). 

New  Jersey:  N.J.  Const.,  pt.  20,  art.  1. 

New  York:    N.Y.  Const.,  art.  1,  §  7. 

Ohio:  Ohio  Const.,  art.  1,  §  19. 

Oregon:  Oreg.  Const.,  arl    I,  §18. 

Pennsylvania:  '  Pa,  Const.,  art.  1,  §  10. 

Rhode  Island:  R.I.  Const.,  art.  1,  §  16. 

Smith  Carolina:  S.C.  Const.,  art.  1,  §  17. 

Tetmessee:  Temi.  Const.,  art.  1,  §21. 

Vermont:  Vt.  Const.,  ch.  1,  art.  2. 

\\  isconsin:  Wis.  Const.,  art.  1,  §  13. 

Part  B,  For  Taking  or  Damaging 
Property  by  Eminent  Domain 

Alabama:  *  Ala.  Const.,  art.  12,  §  235  (where  a  municipal 
or  other  corporation  is  condemning  I , 
Alaska:  Alaska  Const.,  art.  1,  §  18. 


i  Taking  provision  tpplicable  to  all  types  of  condemna- 
tion. 

2  No  compensation  provision  applicable  to  the  exercise  of 
eminent  domain  by  the  State  or  a  public  corporation. 


3  Compensation  requirement  merely  has  been  deemed  to 
be  implied  by  a  consent  provision. 

*  Taking  or  damaging  provisions  applicable  to  the  exercise 
of  eminent  domain  by  the  State  or  a  public  corporation. 


Arizona:  Ariz.  Const.,  art.  2,  §  17. 

Arkansas:  Ark.  Const.,  art.  2,  §  22. 

California:  Calif.  Const.,  art.  1,  §  14. 

Colorado:  Colo.  Const.,  art.  2,  §  15. 

Georgia:  Ga.  Const.,  art  1,  §  3,  par.  1. 

Illinois:  111.  Const.,  art.  2,  §  13. 

Kentucky:  *  Ky.  Const.,  §  242  (where  a  municipal  or  other 
corporation  is  condemning). 

Louisiana:  La.  Const.,  art.  1,  §2. 

Minnesota:  Miim.  Const.,  art.  1,  §  13. 

Mississippi:  Miss.  Const.,  art.  3,  §  17. 

Missouri:  Mo.  Const.,  art.  1,  §  25. 

Montana:  Mont.  Const.,  art.  3,  §  14. 

Nebraska:  Nebr.  Const.,  art.  1,  §  21. 

New  Mexico:  N.  Mex.  Const.,  art.  2,  §  20. 

North  Dakota:  N.  Dak.  Const.,  art.  1,  §  14. 

Oklahoma:  Okla.  Const.,  art.  2,  §  24. 

Pennsylvania:  *  Pa.  Const.,  art.  16,  §  8  (where  a  municipal 
or  other  corporation  is  condemning). 

South  Dakota:  S.  Dak.  Const.,  art.  6,  §  13;  S.  Dak.  Const., 
art.  17,  §  IS  (applicable  to  municipal  and  other  corporations). 

Texas:  Tex.  Const.,  art.  1,  §  17. 

Utah:  Utah  Const.,  art.  1,  §  22. 

Virginia:  Va.  Const.,  §  58. 

Washington:  Wash.  Const.,  art.  1,  §  8. 

West  Virginia:  W.  Va.  Const,,  art.  3,  §  9. 

Wyoming:  Wyo.  Const.,  art.  1,  §  33. 
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APPENDIX  II 


Setoff  Rules  When  a  State  or  Local  Government  Takes  Property  for  Highway  Construction  or  Improvement 


Part  A,  General  and  Special  Benefits 
Against  Value  of  La  id  Taken  and 
Severance  Damages 

Alabama: '  Ala.  Const.,  art.  1,  §  23,  as  construed  in  McRea 
.  Marion  County,  222  Ala.  511, 133  So.  278  (1931);  Ala.  Code 
inn.,  tit.  19,  §  14  (1940),  but  see  Part  B. 

New  Mexico:  Board  of  Commissioners  v.  Gardner,  57  N.M. 
78,  260  P.  2d  682  (1953). 

North  Carolina:  N.C.  Gen.  Stat.,  §  136-19  (1958),  as 
onstrued  in  Barnes  v.  North  Carolina  State  Highway  Com- 
mission, 250  N.C.  378,  109  S.E.  219  (1959). 

South  Carolina: '  S.C.  Code,  by  §§  25-165  (Supp.  1960), 
3-127,  33-136  (1952),  as  amended;  see  generally  Smith  v. 
Jity  of  Greenville,  229  S.C.  252,  92  S.E.  2d  639  (1956). 

°art  B,  Special  Benefits  Only  Against 
Value  of  Land  Taken  and  Severance 
Damages 

Alabama 2  (highway  improvements  by  local  govern- 
lents):  Ala.  Const.,  art.  12,  §223,  as  distinguished  in 
ItcReav.  Marion  County,  222  Ala.  511,  133  So.  278  (1931). 

Arkansas  Ark.  Stat.  Ann.,  §76-521  (1947);  Ball  v. 
'^dependence  County,  214  Ark.  694,  217  S.W.  2d  913  (1949). 

Connecticut:  Conn.  Gen.  Stat.,  13-145  (1958);  Sorenson  v. 
lox,  132  Conn.  583,  46  A.  2d  125  (1946);  Schwartz  v.  City  of 
few  London,  20  Conn.  Supp.  21, 120A.  2d  84  (1955). 

Delaware: 3  State  ex  rel.  State  Highway  Department  v. 
Morris,  47  Del.  477,  93  A.  2d  523  (Super.  Ct.  1952). 

Florida:  Fla.  Stat.,  §73.10(3)  (1957). 

Hawaii: *  Hawaii  Rev.  Laws.  §8-21  (1955)  (except  in  road 
,'idening  or  realinement  cases);  but  see  Part  D. 

Kansas:  Kans.  Gen.  Stat.,  §§  26-209,  68-706  (1949),  as 
©tended;  Trasper  v.  Board  of  Commissioners,  27  Kans.  391 
1882). 

Maine:  Boober  v.  Towne,  127  Maine  332, 143  Atl.  176  (1928) ; 

n  re  Penley,  89  Maine  313,  36  Atl.  397  (1896). 


1  In  certain  cases,  only  special  benefits  may  be  setoff.  See 
art  B. 

2  See  Part  A  for  general  rule. 

s  Setoff  statutes  seem  to  contain  sufficiently  broad  language 
o  authorize  general  benefit  setoff,  if  and  when  they  should 
<e  construed  on  this  point. 

«  In  certain  cases,  setoff  is  allowed  only  against  severance 
amages,  see  Part  D. 


Massachusetts:  Mass.  Gen.  Laws  Ann.,  ch.  79,  §12  (1958). 

Michigan:  *  Mich.  Stat.  Ann.,  c.  64,  §8.189  (1958). 

New  Hampshire:  Whitcher  v.  Benton,  50  N.H.  25  (1870). 

New  Jersey:  Slate  v.  Hudson  County  Board  of  Chosen. 
Freeholders,  55  N.J.L.  88,  25  Atl.  322  (1892). 

.Minnesota:  Chicago,  R.I.  and  I'.  Ry.  v.  City  of  Minne- 
apolis, 164  Minn.  226,  205  N.W.  640  (1925). 

Pennsylvania:  »  Johnson's  Petition,  344  Pa.  5,  23  A.  2d 
880  (1942). 

Rhode  Island:  D'Angelo  v.  Director  of  Public  Works,  152 
A.  2d  211  (R.I.  1959). 

South  Carolina 2  (condemnation  by  county  govern- 
ment): S.C.  Code,  §33-840  (1952),  as  distinguished  in  Smith 
v.  City  of  Greenville,  229  S.C.  252,  92  S.E.  2d  639  (1956). 

South  Dakota:  3  S.D.  Code,  §§  28.13  A09,  37.4010  (Supp. 
1960). 

Vermont:'  Vt.  Stat.  Ann.,  tit.  19,  §221  (1959). 

Washington:  Wash.  Rev.  Code,  §§  8.04.080,  8.08.040, 
8.12.190  (1961). 

Part  C,  General  and  Special  Benefits 
Against  Severance  Damages  Only 

New  York:  Hartinan  v.  State,  5  Misc.  2d  636,  161  N.Y.S. 
2d  748  (Ct.  CI.  1957);  New  York,  W&  B  Ry.  v.  Siebrecht,  73 
Misc.  219,  130  N.Y.S.  1005  (Sup.  Ct.  1919). 

Virginia:  Va.  Code  Ann.,  §33-73  (1950),  as  construed  in 
Long  v.  Shirley,  117  Va.  401,  14  S.E.  2d  375  (1951). 

West  Virginia:  W.  Va.  Code,  §  5380  (1955)  as  construed  in 
Strouds  Creek  &  M.R.R.  v.  Herald,  131  W.  Va.  45,  45  S.E. 
2d  513  (1947). 

Part  D,  Special  Benefits  Against 
Severance  Damages  Only 

Alaska:  »  Alaska  Comp.  Laws  Ann.,  §  57-7-13  (1949). 

Arizona:  >  Ariz.  Rev.  Stat.  Ann.,  §  12-1122  (1956),  as  con- 
strued in  Pima  County  v.  De  Conciui,  79  Ariz.  154,  285  P.  2d 
609  (1955). 

California:  Calif.  Civil  Procedure  Code,  §  1248,  as  con 
strued  in  People  v.  Schultz  Co.,  123  Calif.  App.  2d  925,  268 
P.  2d  117  (1954). 


»  Setoff  against  full  value  is  implied  from  the  use  of  the  be- 
fore-and-after  formula  in  these  jurisdictions. 

e  Although  not  yet  so  construed,  these  statutes  are  identical 
to  the  California  provision,  which  is  limited  to  special  bene- 
fits. 

(.Appendix  III  appears  on  p.  40) 


Colorado:  Colo.  Rev.  Stat.,  §  50-1-17  (1953);  Denver  Joint 
Stock  Land  Bank  v.  Hoard  of  County  Commissioners,  105  Colo. 
366,98  1'.  2d  283  (1940). 

Georgia:  (in.  ('ode  Ann.,  §  36-504  (1933),  as  construed  in 
State  Highway  Board  v.  Bridges,  60  (ia.  App.  240,  3  S.E.  2d 
907  (1939). 

Idaho:  Idaho  Code,  §  7-711  (1947). 

Hawaii:'  Hawaii  Rev.  Laws,  §  8-21  (1955)  (in  road  widen- 
ing or  realinement  cases  only). 

Illinois:  111.  Const.,  art.  2,  §  13,  as  construed  in  Kane  v. 
City  of  Chicago,  392  111.  172,  64  N.E.  2d  506  (1945);  Department 
of  Public  Works  and  Buildings  v.  Barton,  371  111.  11,  19  N.E. 
2d  935  (1939). 

Indiana:  Burns  Ind.  Stat.  Ann.,  §  3-1706  (1946),  as  con- 
strued in  State  v.  Smith,  237  Ind.  72,  143  N.E.  2d  666  (1957). 

Kentucky:  Ky.  Rev.  Stat.,  §§177.083,  416.100-416.120, 
416.230-416.240  (I960);  Freud  v.  Commonwealth,  331  S.W. 
2d  710  (1959). 

Louisiana:  Louisiana  Highway  Commission  v.  Grey,  197 
La.  942,  2  So.  2d  654  (1941). 

Maryland:  Md.  Ann.  Code,  art.  33A,  §  25  (1957j;  Pum- 
phrey  v.  State  Roads  Commission,  175  Md.  498,  2  A.  2d  668 
(1937). 

Mississippi:  Mississippi  Slate  Highway  Commission  v. 
Hillman,  189  Miss.  859,  198  So.  565  (1940). 

Missouri:  Mo.  Rev.  Stat.,  §  227.120  (1959). 

Montana:  Mont.  Rev.  Code,  §  99-9912  (1949),  as  amended. 

Nebraska:  Crawford  v.  Central  Neb.  Public  Power  &  In. 
Dist.,  154  Nebr.  832,  49  N.W.  2d  682  (1951). 

Nevada:'  Nev.  Rev.  Stat.,  §  37.110  (1960). 

North  Dakota:  N.  Dak.  Cent.  Code,  §  35-15-22  (1960), 
as  construed  in  Linebvrg  v.  Sandoen,  74  N.  Dak.  364,  21 
N.W.  2d  808  (1946). 

Ohio:  Ohio  Const.,  art  1,  §  19;  In  re  Abraham,  121  N.E. 
2d  695  (Ohio  Com.  PI.  1953). 

Oregon:  Stale  Highway  Commission  v.  Bailey,  212  Oreg. 
261,  319  P.  2d  906  (1957). 

Tennessee:  Tenn.  Code  Ann.  §  23-1414  (1955). 

Texas:  Tex.  Civ.  Stat.,  art.  3265  (1952),  as  construed  in 
Slate  v.  Carpenter,  126  Tex.  604,  89  S.W.  2d  194  (1936). 

Utah:  Utah  Code  Ann.,  §  104-61-11  (1943). 

Wisconsin:  Wis.  Stat.  Ann.,  §  32.09  (Supp.  1961). 

Wyoming:3  Wyo.  Stat.,  §  1-775  (1957). 

Part  E,  Setoff  Prohibited 

Iowa:  Iowa  Const.,  art.  1,  §  18. 
Oklahoma:  Okla.  Const.,  art.  2,  §  24. 


'  See  Part  B. 


Motor  Vehicle  Size 
and  Weight  Limits 


A  comparison  of  State  legal  limits  of  motor- 
vehicle  sizes  and  weights  with  standards 
recommended  by  the  American  Association  of 
State  Highway  Officials  is  given  in  the  table 
on  pages  36-37.  The  statutory  limits  re- 
ported in  this  tabulation,  prepared  by  the 
Bureau  of  Public  Roads  as  of  December  31, 
1961,  have  been  reviewed  for  accuracy  by  the 
appropriate  State  officials. 

Statutory  limits  are  shown  for  width, 
height,  and  length  of  vehicles;  number  of 
towed  units;  maximum  axle  loads  for  single 
and  tandem  axles;  and  maximum  gross  weights 
for  single-unit  truck,  truck-tractor  semitrailer 
combinations,  and  other  combinations. 
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APPENDIX  III 


Admissibility  of  Comparable  Sales  as  Evidence  of  Market  Value  in  Condemnation  Proceedings 


Part  A,  Independently  Admissible  as 
Evidence  of  Market  Value 

Uabama:  Southern  Elec.  Generating  Company  v.  Leibachei 
269  Ala.  9,  L10  So.  2d  308  (19595 

Arizona  Town  oj  Williams  \.  Perrin,  70  Ariz.  157,  217,  P, 
2d  918  (1950) 

Arkansas  Sewer  &  Water  Works  Improvement  Dist.  No.  i 
v.  McClendon,  187  Ark.  510,  60  S.W.  2d  920  (1933). 

California:  County  oj  Los  Amahs  v.  Faus,  18  Calif  2d 
672,  312  P.  2d  680  (1957 

i  olorado  Kistler  v.  Northern  Colo.  Water  Conservancy 
Dist.,  126  Colo.  11,  246  P.  2d  616  (1952). 

Connecticut:  Campbell  v.  City  of  New  Haven,  101  Conn. 
173,  125  Atl.  650  (1924). 

Delaware;  Wilmington  Housing  Authority  v.  Harris,  i: 
Del.  469,  93  A.  2d  518  I  Super.  Ct .  1952). 

Florida:  City  o/  Tampa  v.  Texas  Company,  107  So.  2d  216 
(Fla.  App.  1958 

Georgia  Flemister  v.  Central  Ga.  Power  Company,  140 
Ga.  511,  79  S.E.  14S  (1913);  Fulton  County  v.  Cor,  109  S.E.  2d 
849  (Ga.  App.  1959). 

Illinois:  City  of  Chicago  v.  Blanton,  15  111.  2d  198,  154  N.E. 
2d  242  (1958). 

Indiana:  Northern  lad.  Pub.  Serv.  Company  v.  Darling, 
239  Ind.  237,  154  N.E.  2d  881  (1958). 

Iowa:  Redfield  v.  Iowa  State  Highway  Commission,  251 
Iowa  332,  99  N.W.  2d  413  (1959 

Kansas:  Wood  v.  Syracuse  School  Dist.  108  Kans.  1,  193  P. 
1049  (1920). 

Kentucky:  Stewart  v.  Commonwealth,  337  S.W.  2d  880 
(Ky.  1960). 

Louisiana:  StaU  v.  Havard,  239  La.  133,  118  So.  2d  13] 
(1960). 

Maryland:  Patterson  v.  Mayor  &  City  Council  of  Baltimore, 
127  Aid.  233,  96  Atl.  458  (1915). 

Massachusetts:  Epstein  v.  Boston  Housing  Authority, 
317  Mass.  297,  58  N.E.  2(1  135  (1944  ). 

Missouri:  Stall  \ ,  Bruening,  326  S.W.  2d  305  (Mo.  1959). 

Nebraska:  Langdon  v.  Loup  Hirer  Public  Power  Dist., 
1  12  Wl.r.  S59,  8  N.W.  2d  201  (1943). 


New  Hampshire:  Funics  v.  Southern  A'.//.  Hydro-Elect. 
i  m,  p  .  85  N.H.  379,  159  Atl.  128  (1932). 

\™  Jersey:  Curley  v.  Mayor  &  Aldermen  o]  Jersey  City, 
83  V.I  I.  760,  85  Atl.  197  (E.  &  A.  1912);  Stat(  v.  \,  i/liams, 
65  XL  Super.  518,  168  A.  2d  233  (App.  Div.  1961). 

New  York:  Village  of  Lawrence  v.  Greenwood,  300  N.Y. 
231,  90  N.E.  2d  53  (1949). 

Oregon    Stoiei    Parte-,  Oreg., 357 P.  2d  548,  (1960). 

Tennessee:  Union  Ry.  v.  Hunton,  114  Tenn.  609,  88  S.W. 
182  (1905). 

Texas:  City  o/  Austin  v.  Canizzo,  153  Tex.  324.  207  S.W.  2d 
sos  i  1954). 

atah:  Statt  \    Peek,  i   I  tah  2d  263,  265  P.  2d  630  (1953). 

Virginia:  May  v.  Dewey,  201  Va.  621,  112  S.E.  2d  838  (1960). 

Washington  SeaHZi  &  M.  Ry.  v.  Gilchrist,  4  Wash.  509. 
30Pac.  738  (1892) 

Wisconsin:  Blick  v.  Ozaukee  County,  180  Wis.  45,  192  N.W. 
.(so  U923). 

Wyoming:  Morrison  v.  Cottonwood  Dec.  Co.,  38  Wyo. 
190,  266  1'.  117  (1928). 

Part  B,  Admissible  in  Support  of 
Opinion  Testimony 

District  of  Columbia:  District  of  Columbia  Reder.  Land 
Agency  v.  61  Parcels  of  Land,  98  U.S.  App.  D.C.  367,  235  F. 
2d  864  (1956)  (admissible  to  support  appraiser's  expert 
testimony  but  subject  to  the  court's  discretion) . 

Mississippi:  Mississippi  State  Highway  Commission  v. 
Rogers,  236  Miss.  800,  122  So.  2d  250  (1959). 

Ohio:  In  re  Ohio  Turnpike  Commission,  164  Ohio  St.  377, 
131  N.E.  2d  397  H955).  cert,  denied,  352  U.S.  sin;  (1957). 

Part  C,  Judicial  Indication  That  it 
Would  be  Independently  Admis- 
sible Though  Never  so  Held 

Nevada:  Clark  County  School  Dist.  v.  Mueller,  76  \ev.  11, 
348  p.  2d  164  (1960)  (dictum  for  such  evidence) 


Oklahoma:  Dwell  v.  Public  Serv.  Co.,  174  Okla.  549,  51 
2d  517  (1935)  (rule  stated  as  dictum). 

Rhode  Island:  Hervey  v.  City  of  Providence,  47  R.I.  37i 
133  A.  618  (1926)  (issue  of  remotemess  held  properly  deeid< 
by  judge  to  e\,lude  evidence;  Massachusetts  rule  assume 
to  be  determinative). 

South  Carolina:  Wateree  Power  Co.  v.  Rion,  113  S.C.  30 
102  S.E.  331  (1920)  (seems  to  assure  Mass.  rule  in  holdii 
that  sales  to  condemnor,  where  only  sales  of  comparable  lar 
available,  were  admissible);  South  Carolina  Highway  Depa, 
meat  v.  Hints,  234  S.C.  254,  107  S.E.  2d  643  (1959)  (Ge 
Rule  recognized  without  indication  whether  it  was  S.C.  la 
(evidence  excluded,  because  as  a  mere  offer  not  acceptl 
it  was  not  within  the  rule). 

West  Virginia:  (No  cases  dealing  with  evidence  of  compa 
able  sales  to  noncondeiiinoi  i;  cf.    United   Fuel  ('as  Co. 
Allen,  137  W.  Va.  897,  75  S.E.  2d  88  (1953)  (sale  to  condemn 
voluntarily  made  is  good  where  severance  damages  are  n 
involved). 


Part  D,  Admissible  Only  to  Impeac 
Opin ion  Testi mony 


Michigan:  Lockeman  v.  Dillman,  255  Mich.  152,  237  N.\ 
552  (1931). 

Minnesota:  Minneapolis-St.  Paul  Sanitary  Dist.  v.  Fit 
Patrick.  201  Minn.  442.  277  N.W.  394  (1937). 

North  Carolina:  Templeton  v.  Statt  Hgihway  Commissi,, 
118  S.E.  2d  918  (N.C.  1961). 

Pennsylvania:  Serais  v.  West  Chester  Borough  Sohocl  D 
292  Pa.  134.  140  Atl.  632  (1928). 


Part  E,  No  Cases  in  Point 


Alaska,  Hawaii,  Idaho,  Maine,  Montana,  New    Mexii 
North  Dakota,  South  Dakota,  Vermont. 


APPENDIX  IV 

An  Example  of  the  Determination  of  General  and  Special  Benefits 


NEW     HIGHWAY 


In  figure  1 : 

Town  X,  with  residential  lots  a  and  b, 
represents  a  hypothetical  town  affected  by  a 
new  highway  bypassing  it. 

Town  Y,  with  residential  lots  c  and  d, 
represents  a  hypothetical  town  that  is  com- 
parable to  town  X  but  not  affected  by  new 
highway  const  ruction. 


Benefits  from  Highway  Improvement 

Each  of  the  four  residential  lots  was  valued  at  $1,000  prior 
to  construction  of  the  new  highway  bypass.  Alter  construc- 
tion of  the  bypass,  in  town  X,  lot  a  had  a  value  of  $1,400  and 
lot  b  had  a  value  of  $1,200.  In  town  Y,  the  value  of  lots  c 
and  d  remained  unchanged  at  $1,000  each.  The  change  in 
value  of  lots  in  town  X  illustrates  benefits  of  increased  prop- 
erty values  derived  from  construction  of  a  new  highway. 

Property  values  in  town  X  increased  an  average  of  $200 
per  lot  following  the  opening  of  the  bypass  but  no  increase 
in  property  values  occurred  in  the  control  town  of  Y.  The 
average  increase  in  value  of  $200  represents  a  general  benefit 
for  each  of  the  lots  u  and  6,  $1,200  minus  $1,000. 
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LOT 
c 

TOWN 
Y 

LOT 
d 

LOTN 
a 

TOWN 

X 

LOT 
b 

Fix  tire  I- 


-Hypothetical  towns  and  lots  used  to  illustrate  benefits  from  a  highway 

improvement. 


Within  town  X,  lot  a,  which  was  partially  taken  for  high- 
way right-of-way,  was  affected  by  the  highway  construction 
to  a  greater  extent  than  lot  b,  a  comparable  lot  within  the 
same  community.  After  the  opening  of  the  highway,  lot  a 
sold  for  $1,400— thus,  a  special  benefit  of  $200  accrued  to  lot 
o,  the  difference  between  $1,400  and  $1,200. 


For  the  purpose  of  determining  benefits  accruing  to  lol 
the  control  for  special  benefits  is  lot  b;  for  general  andspec 
benefits,  the  control  is  either  lot  c  or  d. 


(Appendix  V  appears  on  pp.  tfi-1,3) 
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Four  recent  publications  by  the  Bureau  of 
[ublic  Roads  are  now  available  from  the 
uperintendent  of  Documents,  U.S.  Govern- 
ment  Printing  Office,   Washington   25,   D.C., 

'  t  the  prices  indicated  for  each. 

■■■■ 

^Aggregate  Gradation  for  Highways 

li 

t  Aggregate  Gradation  for  Highways  (250), 
pntains  two  importanl  articles  on  this  subject: 
aggregate  Gradation:  Simplification,  Standard- 
isation, and  Uniform  Application ,  by  a  special 
immittee  of  experts  in  the  Bureau  of  Public 
oads,  and  A  New  Graphical  Chart  for  Evalu- 
iing  Aggregate  Gradation,  by  J.  F.  Goode  and 

I  .  A.  Lufsey. 
The  first  article  points  out  the  need  for 
mplification,  standardization,  and  uniform 
Implication  of  aggregate  gradation  specifica- 
[ons  in  the  highway  field,  noting  the  benefits 
hat  would  result  from  reduction  from  their 
resent    extreme    diversity.     It    explains    the 

j|alue  of  the  simplified  practice  recommenda- 
on  system  for  aggregate  gradation,  which 
rovides  a  reasonably  limited  number  of 
pandard  specifications  and  uniformity  in  the 
umber  and  sizes  of  sieves  for  use  in  specifying 
iiese  gradations.  The  article  discusses  the 
xisting  AASHO  and  ASTM  standard  aggre- 
ate  specifications  and  recommends  their 
niversal  adoption,  recognizing  that  non- 
onforming  gradations  may  be  necessary  .-is 
pecial  provisions  or  supplemental  specifica- 
fOns. 

The  second  article  describes  the  develop- 
lent  of  a  new  aggregate  gradation  chart  using 
>r  its  horizontal  scale  a  power  function  rather 
ban  the  logarithm  of  the  sieve  openings. 
Vith  this  chart,  maximum  density  curves 
lot  as  a  straight  line  from  zero  percent  pass- 
lg  zero  theoretical  sieve  size  to  100  percent 
t  the  maximum  size,  rather  than  the  difficult- 
3-define,  deeply  sagging  curves  obtained  by 
lotting  on   the   customary   gradation    chart. 


NEW  PUBLICATIONS 

The  article  demonstrates  the  value  of  the  new 
chart  in  developing  realistic  specifications  and 
in  evaluating  individual  gradations,  using  as 
examples  both  actual  field  problems  and 
laboratory  experiments. 

America's  Lifelines — Federal  Aid  for 
High  ways 

America's  Lifelines — Federal  Aid  for 
Highways  (150),  a  colorful,  illustrated  leaflet, 
describes  in  simple  terms  the  Federal-aid 
highway  program  and  the  functions  of  the 
Bureau  of  Public  Roads.  Information  is 
included  on  the  41,000-mile  National  System 
of  Interstate  and  Defense  Highways  (and  a 
map  of  the  system)  and  on  the  Federal-aid 
program  for  the  improvement  of  the  more  ex- 
tensive Federal-aid  primary  and  secondary 
systems.  Also  described  are  the  Bureau  of 
Public  Roads  activities  in  roadbuilding  on 
Federal  lands,  providing  engineering  services 
to  other  Federal  agencies,  highway  planning, 
research,  safety,  and  assistance  to  foreign  gov- 
ernments in  organizing  highway  departments 
and   launching  road  improvement   programs. 

Increasing  the  Traffic-Carrying 
Capability  of  Urban  Arterial  Streets 

Increasing  the  Traffic-Carrying  Capability 
of  Urban  Arterial  Streets  (400),  reported  by 
Arthur  A.  Carter,  Jr.,  describes  a  pilot  study 
conducted  by  the  Bureau  of  Public  Roads  of 
the  traffic  improvements  that  could  be  made 
on  an  urban  arterial  street,  working  within 
the  existing  right-of-way  limits.  The  study 
was  made  in  Washington,  D.C.,  and  has  often 
been  referred  to  as  "The  Wisconsin  Avenue 
Study."  The  forepart  of  the  publication 
reviews  every  known,  practical  means  of 
improving  traffic  movements  on  an  arterial 
street.     Application      was     then     made      (in 


i  heory)  of  these  means,  singly  and  in  combina- 
tion, to  provide  a  traffic  stream  having  maxi- 
mum capacity  and  minimum  friction  while  at 
the  same  time  providing  conditions  conducive 
to  patronage  of  the  adjacent  land  services. 
Three  phases  iven  entailed,  the  first  involving 
till  le  or  no  cost ,  I  he  second  requiring  moderate 
cost  and  some  construction,  and  the  third 
calling  for  major  expenditures.  The  calcu- 
lated effects  of  the  theoretical  ultimate  im- 
provements would  have  permitted  peak-hour 
traffic  volume  increases  of  100  to  200  percent 
and  increases  in  average  speed  from  14-20  to 
25-30  miles  per  hour.  The  publication  is 
not  intended  to  be  a  manual,  but  should 
serve  as  an  invaluable  guide  to  highway  and 
traffic  engineers. 

Manual  for  Highway  Severance 
Damage  Studies 

The  Manual  for  Highway  Severance  Damage 
Studies  ($1.00)  was  prepared  by  the  Highway 
and  Land  Administration  Division,  Bureau 
of  Public  Roads,  in  1961,  to  serve  as  a  guide 
particularly  for  use  by  the  State  highway 
departments.  Widespread  subsequent  in- 
terest indicated  the  desirability  of  making  the 
manual  available  through  the  Government 
Printing  Office.  Partial  takings  of  property 
for  highway  right-of-way  frequently  involve 
severance  damages  which,  without  sufficient 
comparable  information,  are  often  difficult  to 
evaluate.  This  manual  calls  at  tent  ion  to  the 
value  of  information  about  actual  experience 
in  individual  severance  damage  cases,  and 
describes  in  some  detail  systematic  methods 
of  collecting,  processing,  and  analyzing  such 
information.  A  large  body  of  facts  on  this 
subject  will  provide  an  invaluable  reference 
"bank,"  both  for  economic  research  studies 
and  for  use  in  making  and  supporting  sound 
appraisals  of  severance  damages  in  actual 
right-of-way  taking  cases. 


Errata 


In  the  April  1962  issue  of  Public  Roads, 
vol.  32,  No.  1,  an  error  appears  in  the  legend 
for  figure  6,  page  7,  of  the  article,  Social  Effects 
of  Modern  Highway  Transportation.  The 
correct  identification  for  the  university  in  the 
center  of  the  illustration  is:  University  of 
Kansas  City,  Kansas  City,  Mo. 
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State 


Alabama  !. 
Arizona 2... 


Arkansas  2. 
California.. 


Colorado. 

Florida  2. 
Georgia  2. 

Hawaii 2. 
Idaho 


Illinois. 


Indiana . 


Iowa. 

Kansas 

Kentucky  2. 

Louisiana  2. 

Maine 

Maryland.. 
Michigan.. 


Mini 


Mississippi 


M  issouri 


Montana  2. 


APPENDIX  V 

Status  of  Severance  Damage  Studies  ' 
(As  of  September  1,  1961) 


Research  agency 


Alabama  State  Highway  Department. 
Arizona  Highway  Department 


Arkansas  State  Highway  Commission. 
i  ialifornia  Division  of  Highways 


Colorado  Department  of  Highways- 


Florida  State  Road  Department 

Georgia  State  Highway  Department . 


Hawaii   Department  of  Transporta- 
tion, Division  of  Highways. 

Idaho  Department,  of  Highways 


University  of  Illinois- 


Indiana  State  Highway  Department- . 

Iowa  State  Highway  Commission 

State  Highway  Commission  of  Kansas. 
Kentucky  Department  of  Highways. . 


Louisiana  Department  of  Highways- 
Maine  State  Highway  Commission. .. 
Maryland  State  Roads  Commission-. 
Michigan  State  Highway  Department 

University  of  Minnesota 


Minnesota  Department  of  Highways 


University  of  Mississii  pi 


Missouri  State  Highway  Commission 


Montana  State  Highway  Commission 


Nature  of  study  in  progress 


Case  studies  of  severance  damages . 


Analysis  of  cost  data  in  connection  with  the  acquisition  of  right- 
of-way  for  highway  improvements. 


Continuing  case  studies  of  severance  damages  to  remainder  prop- 
erties after  partial  takings  for  right-of-way. 


Severance  damages,  right-of-way  acquisition,  and  partial  takings, 
including  case  studies  of  same. 


Analysis  of  factual  evidence  with  respect  to  values  fixed,  payments 
made,  disposition  of  remainder  properties,  and  use  of  remainder 
properties. 


Analysis  of  actual  damage  as  compared  with  damage  awards  in 
connection  with  right-of-way  takings. 

Case  studies  of  land  values  and  severance  damages  to  remainder 
properties  after  partial  takings  for  right-of-way. 

Evaluation  of  right-of-way  appraisal  values  and  determination 
of  a  series  of  basic  uniform  rules  and  guides  to  be  used  in  land 
appraisals. 

Effects  of  farm  unit  severance  resulting  from  right-of-way  purchase. 

Severance  damage  studies  as  part  of  a  larger  economic  impact,  study. 

Investigation  and  evaluation  of  damage  effects  in  terms  of  market 
value  of  a  highway  building  program  on  remainders  of  partial  takings 
in  urban  and  rural  areas. 


Case  study  of  partial  taking  and  severance  damage 

Case  studies  of  remainder  properties  after  purchase  for  right-of-way. 

Guide  for  right-of-way  appraisers  in  estimating  costs  for  property 
acquired  for  highway  right-of-way. 

Relationships  between  compensation  payments  and  the  extent  of 
the  property  taken  plus  damages  as  a  direct  consequence  of  the 
highway. 

Analysis  of  severance  damages  as  part  of  an  economic  impact  study 
being  made  on  a  segment  of  1-094-3(15)  in  St.  Paul. 


Analysis  of  effects  on  land  use,  land  value,  and  fragmentation . 
Case  studies  of  partial  takings  of  rural  properties 


Severance  damage  studies  being  conducted  as  part  of  a  larger 
economic  impact  study. 


Studies  completed 


Land  Economic  Studies,  Remainder 
Parcel  Analysis  No.  1— summarizes  10 
remainder  parcel  sales  in  Vallejo,  Calif. 

Land  Economic  Studies— summarizes 
20  remainder  parcel  cases. 

California  Land  Economic  Studies- 
Techniques. 

Remainder  Parcels,  a  report  of  the  Land 
Economics  Study  Section. 

Case  Studies  of  Damage  Payments, 
Nos.  1  through  21. 


Land  Economic  Studies,  Nos.  1-5. 


Land  Economic  Studies,  Nos.  1-7. 


How  Farmers  Adjusted  to  an   Inter- 
state Highway  in  Minnesota. 


See  footnotes  at  end  of  table. 
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State 


Nebraska  2_. 
New  Jersey. 


New  Mexieo. 


New  York. 


North  Carolina  2_ 


North  Dakota  K 


Ohio. 


Oklahoma. 


Oregon. 


South  Carolina 2_ 


South  Dakota- 


Tennessee. 


Utah  2. 
Texas.. 


Vermont  . 


Virginia 

Washington. 
Wisconsin  2_ 


Wyoming  2_ 


Nationwide. 


APPENDIX    V— Continued 
Status  of  Severance  Damage  Studies1 


Research  agency 


Nebraska  Department  of  Roads. 


New  Jersey  State  Highway  Depart- 
ment. 

New  Mexico  State  Highway  Commis- 
sion. 

New    York    Department    of    Public 
Works. 


Noil  h  Dakota  State  Highway  Depart- 
ment. 

Ohio  Department  of  Highways 


Nature  of  study  in  progress 


Develop  data  in  order  to  provide  a  more  reliable  basis  for  esti- 
mating severance  and  consequential  damage. 


Severance  damage  studies. 


Severance  damage  studies  being  conducted  as  part  of  the  North- 
way  economic  impact  study. 


Case  studies  of  several  sections  of  highway. 


Oklahoma    State    Highway    Depart- 
ment. 


Oregon  State  Highway  Commission. 


Univ&rsitj  of  South  Carchni 


South  Dakota  Department  of  High- 
ways. 


University  cf  Unnesscc 


Studies  of  land  values  and  relationship  of  subsequent  sales  prices 
of  remainder  parcels  to  "before"  value,  by  type  of  remainder  parcels. 

Collection  and  interpretation  of  sales  data  on  severed  parcels  of 
land  previously  acquired.  These  data  are  expected  to  provide  a 
basis  for  right-of-way  appraisers  to  substantiate  "after"  values  in 
the  "before  and  after"  appraisals  for  highway  right-of-way. 

Case  studies  of  land  values  and  severance  damages  to  remainder 
properties  after  partial  takings  for  right-of-way. 


Severance  damage  studies  being  conducted  as  part  of  a  larger 
economic  impact  study. 

Parcel  by  parcel  analysis  of  remainder  properties  adjacent  to  com- 
pleted segments  of  the  Interstate  System  to  determine  effects  of  the 
facility  on  (1)  the  market  value  of  remaining  land,  and  (2)  the  de- 
velopment of  the  remaining  land. 


Studies  completed 


Severance  Stud;/  Manual. 


Utah  State  Road  Commission. 


Texas  Transportation  Institute,  Texas 
A  and  M  College. 


Vermont  Department  of  Highways... 

Virginia  Department  of  Highways 

Washington  Department  of  Highways. 


Wisconsin  State  Highway   Commis- 
sion. 

Wyoming   State  Highway   Commis- 
sion. 


Agricultural   Research   Service,   U.S. 
Department  of  Agriculture. 


Severance  damage  studies  being  conducted  as  part  of  a  large) 
economic  impact  study. 


Land  Economic  Studies  Properties 
.  [butting  Baldock  Freeway. 

Oregon  Land  Economic  Studies,  Nos. 
30-35. 


Various  aspects  connected  with  the  acquisition  of  right-of-way  for 
highway  use,  including  studies  of  ease  histories  of  remainder  parcels 
and  effects  of  displacement  of  persons  and  investments  resulting 
from  right-of-way  acquisitions. 

Provide  a  more  reliable  basis  for  estimating  severance  and  conse- 
quential damage. 


Analyze  value  of  remainder  properties  after  purchase  of  portion 
for  highway  use;  case  studies. 


A  number  of  case  histories  have  been 
completed. 

Individual    land    economic    studies 
Nos.  1-28,  34,  36,  and  41. 


The  Effects  on  Farm  Operating  Units 
of  Partial  Tailing  for  Controlled-  UceSS 
Highways. 


1  In  most  cases,  these  severance  damage  studies  are  being  conducted  by  researchers  within       made  to  the  appropriate  State  highway  department, 
he  State  highway  departments,  although  in  a  few  instances  the  work  is  being  done  under  2  In  planning  stage;  others  listed  are  underway. 

ontract.     For  additional  information  concerning  any  study,  it  is  suggested  that  inquiry  be 
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Special  Assessments  in  Theory  and  Practice 


By  FLOYD  I.  THIEL,  Economist, 
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H.  RUSSELL  BRIGGS, 
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In  troduction 

SPECIAL  assessments  arc  based  on  the 
principle  of  equity.  The  philosophy  of  the 
use  of  special  assessments  is  that,  the  owner 
of  property  benefited  by  a  public  improvement 
should  contribute  toward  the  cost  of  the  im- 
provement, and  taxpayers  in  general  should 
not  have  to  bear  the  expense  of  improvements 
of  no  particular  advantage  to  them.  The  use 
of  special  assessments  for  financing  certain 
public  improvements  such  as  highways  or 
sewers  is  an  indication  that  some  local  benefit 
or  value  can  be  attributed  to  the  improve- 
ment—  ".  .  .  that  the  owner  of  a  property 
assessed  is  to  receive  a  benefit  corresponding 
with  the  amount,  assessed."  2  The  extent  of 
this  local  or  special  benefil  may  be  confined  to 
abutting  land  and  buildings  or  it  may  extend 
beyond,  to  noncontiguous  property.  In 
some  instances,  special  assessments  are  used 
to  finance  public  improvements  affecting 
fairly  large  areas,  for  example,  an  entire  city 
or  several  counties. 

Special  assessments,  which  may  be  imposed 
by  central  government  bodies  and/or  special 
assessment  districts,  differ  from  general  prop- 
erty taxes  in  several  ways.  Special  assess- 
ments ordinarily  apply  to  a  more  limited  area 
for  a  specified  duration  of  time.  The  typical 
special  assessment  applies  to  a  fairly  small 
area  for  a  period  of  time  that  is  only  as  long 
as  is  required  to  pay  fur  the  specific  improve- 
ment ;  however,  special  assessments  are  used 
to  some  extent  to  cover  the  costs  for  certain 
repetitive  undertakings.  Another  difference 
peculiar  to  special  assessments  is  that  prop- 
erty owners  often  initiate  the  application  of 
such  taxes  by  requesting  special  improve- 
ments. The  special  assessment,  procedure 
also  is  distinguished  from  the  general  property 
tax  by  the  requirements  for  public  hearings 
and  notification  thereof  to  all  property  owners 
who  would  be  affected  by  the  special  assess- 
ment. 

Special  assessments  formerly  were  in  com- 
mon use  for  financing  rural  roads — they  still 
are  used  to  a  considerable  extent  for  streets — 
and  this  financing  procedure  made  a  consider- 
able contribution  toward  the  early  building  of 
State  highways.  At  the  present  time,  interest 
in  the  use  of  special  assessments  as  a  method 
of  public  financing  is  related  to  the  indirect 
connection  this  procedure  has  to  financing  the 


i  This  paper  is  ■!  summarization  of  some  of  the  more-  signifi- 
cant aspects  oi  Special  Issessments  in  Theory  una  Practice, 
a  report  prepared  for  the  Bureau  of  Public  Roads  by  the 
Economic  Research  Agency,  Madison,  Wis. 

s  In  re  Mead,  74  N.Y.  216. 
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This  article  summarizes  the  report  submitted  on  a  study  of  the  use  of  special 
assessments  for  financing  public  improvements  and  the  relation  of  this  type  of 
financing  to  highway  construction.  The  Bureau  of  Public  Roads  had  this  study 
made  so  that  information  could  be  presented  to  Congress  on  the  special  assess- 
ment procedure  as  an  alternative  method  of  financing  highway  construction. 
This  study  was  conilucted  on  a  selective  basis,  and  the  utilization  of  the  special 
assessment  procedure  was  investigated  in  a  restricted  number  of  States  by  field 
investigations  and  through  correspondence. 

This  summarization  includes  information  on:  The  historical  use  of  special 
assessment  financing,  the  legal  justification  for  use  of  this  method  in  the  United 
States,  the  prevalence  of  the  use  of  the  special  assessment  procedure,  some  of 
the  purposes  for  which  this  type  of  financing  is  used,  and  some  of  the  problems 
rela'ed  to  an  equitable  levying  of  special  assessments,  especially  for  highway 
construction. 


. 
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Nation's  network  of  highways.  The  chief 
significance  in  the  use  of  the  special  assess- 
ment procedure  lies  in  the  fact  that  it  is  a 
well-established  and  judicially  sustained  pro- 
cedure for  financing  public  investments  by 
levies  on  property,  with  such  levies  designed 
to  be  in  proportion  to  the  benefits  to  be  re- 
ceived from  the  improvement  thus  financed. 
A  clear  precedent,  predating  the  practice  of 
road-user  taxation,  has  been  established  for 
taxation  of  the  so-called  nonuser  in  proportion 
to  the  benefits  he  will  receive.  Because  of  its 
past  use  for  financing  highways,  the  special 
assessment  procedure  was  among  those  for 
which  the  Bureau  of  Public  Roads  gathered 
information  in  carrying  out  its  responsibility 
to  provide  the  Congress  with  information 
about  alternative  methods  of  highway  financ- 
ing in  the  highway  cost  allocation  study. 


Historical  Background 


Special  assessments  to  pay  the  cost  of 
public  improvements  that  provided  benefits 
for  certain  property  are  known  to  have  been 
used  as  early  as  the  13th  centuuy  in  England, 
and  the  procedure  may  have  been  used  even 
earlier.  By  1 800,  use  of  the  special  assessment 
had  become  firmly  entrenched  as  part  of 
the  American  system  of  public  financing; 
however,  there  has  not  been  complete  agree- 
ment as  to  the  constitutional  bases  for  use 
of  this  procedure. 

When  the  right  to  levy  special  assessments 
first  was  tested  judicially,  some  courts  ruled 
that,  as  the  procedure  had  become  so  inherent 
a  part  of  the  American  system  of  public 
finance,  the  imposts  should  be  sustained  in 
the  public  interest.  Other  courts  justified 
the  use  of  special  assessments  on  the  oasis 
that  the  authority  to  levy  them  was  a  right  of 
eminent  domain,  a  position  that  soon  was 
abandoned. 
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Currently,  special  assessments  for  publi 
improvements  that  enhance  the  value  of  re; 
property  are  being  levied  under  the  taxin 
power.  Assessments  for  improvements  deeme 
necessary  for  the  public's  health  and  safety 
however,  are  justified  as  a  manifestation 
the  police  power;  a  principle  accepte 
abandonment  of  the  position  on  the 
of  eminent  domain.  Special  assessments  fc 
financing  repetitive  public  undertakings,  sue 
as  for  sidewalks  and  sewers,  also  may  b 
sustained  under  the  taxing  power  but,  bt 
cause  in  theory  assessments  for  such  purpose 
are  levied  primarily  to  abate  a  nuisance,  the 
are  justified  more  properly  as  manifest  at  ioi 
of  the  police  power. 


Advantages  and  Disadvantages 


As  a  means  for  financing  public  improvi 
ments,  the  special  assessment  levy  has  bot 
advantages  and  disadvantages — some  aspect 
of  the  procedure  might  be  regarded  as  eith€ 
or  both.  As  special  assessments  generall 
are  not  subject  to  tax  or  bonded  indebtedne? 
limitations,  a  political  entity  may  undertak 
a  program  for  needed  public  improvement 
in  situations  where  limitations  on  spendin 
would  not  permit  such  improvements  to  b 
accomplished  with  general  funds.  Obviousb 
a  procedure  that  permits  financing  of  neede 
public  improvements  on  a  timely  basis  ha 
certain  advantages.  At  the  same  time,  th 
possibility  of  overdevelopment  through  us 
of  special  assessment  financing  might  pro\ 
to  be  disadvantageous — overdevelopment  tha 
might  occur  because  of  the  absence  of  som 
of  the  limitations  imposed  on  general  fun 
financing.  Other  possible  advantages  an 
disadvantages  attendant  on  the  use  of  specii 
assessment  financing  are  discussed  in  tr. 
following  paragraphs. 


Another  advantage  of  the  special  assessment 
irocedure  is  the  feasibility  of  using  it  to  levy 
harges  for  expensive  facilities  only  against 
hose  affected,  rather  than  against  all  tax- 
iayers.  Special  assessments  for  such  purposes 
enerally  originate  at  the  request  of,  and/or 
ave  the  approval  of,  those  who  will  be  called 
pon  to  meet  the  payments — the  very  essence 
f  democracy.  Because  of  rough  terrain,  poor 
rainage,  low  population  densities,  and  other 
ictors,  the  cost  for  public  improvements  such 
;s  streets  or  sewers  may  be  particularly  high 
1  certain  areas.  Use  of  a  special  assessment 
3  finance  this  type  of  work  is  considered 
quitable  and  advantageous.  Special  assess- 
ments also  can  be  levied  against  religious, 
iucational,  charitable,  and  other  types  of 
roperty  that  are  exempt  from  the  general 
roperty  tax.  This  feature  of  the  special  as- 
jssment  procedure  is  regarded  as  an  advan- 
ce insofar  as  providing  money  for  public 
firposes  is  concerned. 

Special  assessment  financing  also  is  consid- 
ed  advantageous  because  its  use  permits 
Hnpletion  of  needed  public  improvements 
ithout  causing  year-to-year  fluctuations  in 
ie  general  revenue  taxation  program.  Thus, 
ublic  improvements  for  a  limited  area  can  be 
nanced  without  any  impact  on  the  general 
roperty  taxes  of  an  entire  governmental  unit. 

further  advantage  attributed  to  special  as- 

Sssment  financing  is  the  compatibility  of  this 
ocedure  for  use  with  other  methods  of 
lancing,  including  the  general  property  tax. 
Perhaps  the  major  disadvantage  of  special 
sessment  financing  is  that  facilities  may  be 
:tended  beyond  reasonable  and  legitimate 
sds;  this  disadvantage  was  referred  to  pre- 
ouslv  in  connection  with  fund  limitations, 
verextension  of  facilities  poses  a  danger  that 
lyments  may  become  delinquent,  a  danger 
at  experience  with  special  assessments  has 
town  to  be  very  real.  During  the  rapid- 
n\\  t  h  period  of  the  1920's,  special  assessment 
umcing  was  used  to  a  considerable  extent  to 
eel  the  demand  for  improved  roads  and 
reels.  Overexpansion  and  overdevelopment 
scurred  in  some  areas  and,  in  the  late  1920's 
id  during  the  1930's,  widespread  delinquency 
i  payments  of  special  assessments  existed. 
(br  example,  out  of  $17  million  of  special  as- 
ssment  bonds  in  Cleveland,  Ohio,  in  1929 
pnquent  payments  totaled  more  than  $10 
illion.  In  California  in  1936,  of  about  $63 
illion  in  special  assessment  bonds  outstand- 
g  in  Los  Angeles  County,  payments  were 
'linquent  on  more  than  a  third:  in  San  Diego 
punty,  nearly  $9  million  out  of  about  $14 
i  (illion  of  special  assessment  bonds  were  in  a 
•fault  status. 

The  difficulty   related  to  equitably   appor- 
tioning benefits  to  particular  properties  is  con- 
lered  a  problem  or  disadvantage  in  the  use 
th    the  special  assessment  procedure.     While 
is  Dsiderable  ingenuity  has  been  demonstrated 
,i    assigning    benefit    and    special    assessment 
iiiounts  to  particular  properties,  these  levies 
.fli|e  imposed   mainly   by  rule   of   thumb    and 
[unjesswork.     The  fairly  common  procedure  of 
arging  abutting  owners  more  than  owners 
eia"ose  property  is  somewhat  removed  from  the 
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ility  has   certain   shortcomings,   which   are 
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obvious.  In  the  ease  of  a  highway,  for  ex- 
ample, a  property  a  block  or  more  away  may 
benefit  as  much  as  the  property  abutting  the 
facility.  In  fact,  property  removed  from  the 
highway  may  sometimes  benefit  more  than 
abutting  property. 

Additional  disadvantages  in  the  use  of  the 
special  assessment  procedure  include  the  prob- 
lems of  administration;  these  problems  have 
been  suggested  in  the  discussion  on  delinquent 
payments  of  special  assessments.  Special  as- 
sessment levies  commonly  are  made  by  local 
boards,  which  may  lack  the  necessary  admin- 
istrative abilities.  Because  of  this  lack,  and 
for  other  reasons — for  example,  borrowing  for 
projects  financed  through  special  assessment 
procedures  normally  is  quite  expensive  unless 
full  faith  and  credit  bonds  are  issued — special 
assessment  financing  may  lead  to  inflated 
costs.  Furthermore,  presumably  the  costs  of 
improvements  enhancing  property  values 
eventually  can  be  recovered  automatically 
through  the  increased  revenues  obtained  from 
general  proper)  \  taxes;  consideration  of  this 
possibility  may  weigh  against  the  use  of  special 
assessment  procedures  for  financing  certain 
improvements. 

Use  of  Special  Assessments 

Some  of  the  variations  in  the  use  of  special 
assessment  procedures  have  been  referred  to 
in  foregoing  paragraphs.  The  extent  t  o  which 
special  assessments  have  been  used  has 
changed  from  year  to  year.  Variations  also 
have  occurred  in  the  use  that  different  local- 
ities or  areas  make  of  special  assessment 
financing,  and  considerable  variety  has  been 
noted  in  the  purposes  for  which  special  assess- 
ments have  been  and  are  being  made. 

The  apogee  of  special  assessment  financing 
in  the  United  States  appears  to  have  been 
reached  in  the  1920's.  A  marked  decline  in 
the  use  of  special  assessments  began  in  the 
1930's  and  continued  until  after  World  War 
II  to  about  1950.  A  general  increase  in  the 
use  of  this  method  of  financing  public  im- 
provements began  again  with  the  1950's,  and 
the  amount  of  revenue  being  raised  by  special 
assessments  now  equals  that  of  the  1920's; 
however,  this  amount  does  not  represent  as 
high  a  percentage  of  total  municipal  revenues 
as  was  the  case  in  the  L920's.  During  the 
middle  1950's,  the  relation  of  special  assess- 
ments to  general  property  taxes  became  quite 
stable,  according  to  information  compiled  by 
the  U.S.  Census  Bureau.  With  assessments 
spread  on  an  ad  valorem  basis  and  those  levied 
for  continuing  activities  such  as  street  mainte- 
nance and  lighting  excluded,  revenue  raised 
from  special  assessments  during  the  period 
from  1954  through  1958  has  averaged  2.5  per- 
cent of  the  revenues  obtained  from  local 
property  taxes. 

Circumstances  surrounding  the  use  of  spe- 
cial assessments  vary  from  locality  to  locality. 
Wide  variations  have  been  found  (1)  in  the 
method  in  which  special  assessments  are 
levied,  (2)  in  the  size  of  the  special  assessment 
dist  ricts,  and  (3)  in  the  extent  to  which  various 
localities  depend  upon  special  assessments  for 
the  financing  of  public  improvements. 


Levying  Special  Assessments 

A  charge  on  a  front  foot  basis  appears  to  be 
the  most  common  method  employed  in  levy- 
ing special  assessments  for  public  improve- 
ments such  as  si  reels  or  parks,  with  the  charge 
often  being  higher  for  property  near  the 
facility.  Some  of  the  problems  arising  from 
the  assumption  thai  the  amount  of  benefit 
accruing  to  a  property  varies  directly  with  its 
proximity  to  the  improvement  or  new  facility 
were  referred  to  previously.  Attempts  made 
to  evolve  an  equitable  basis  for  levying  special 
assessments  no  doubl  have  been  responsible 
for  many  of  the  additions  in)  induced  into  spe- 
cial assessment  procedures.  Special  assess- 
ments now  are  levied,  quite  commonly,  on  a 
combination  of  two  or  more  factors,  such  as: 
(1)  proximity  to  the  facility,  (2)  frontage  abut- 
ting the  improvement,  (3)  frontage  abutting  a 
-l  reel  within  a  specified  area.  (41  area  of  the 
property  involved,  (5)  value  of  the  property, 
(6)  a  fixed  rat  e  per  lot  or  per  of  her  land  parcel. 
In  some  instances,  where  major  arterials  are 
provided  for  only  partially  by  special  assess- 
ments, abutting  property  is  charged  only  with 
the  cost  of  providing  normal  paving,  which  is 
considered  to  be  a  12-foot  lane.  In  some 
cities  such  as  Milwaukee,  Wis.,  and  Detroit, 
Mich.,  the  special  assessment  levy  is  based  on 
benefits  that  are  assumed  to  apply  to  property 
that  extends  halfway  to  the  next  parallel 
street.  In  one  mountainous  section  of"  Los 
Angeles  where  lots  were  irregular  in  shape,  it 
was  deemed  more  equitable  to  levy  the  special 
assessments  in  part  on  the  value  of  the  lots 
rather  than  on  a  frontage  basis. 

Sizes  of  Special  Assessment  Districts 

TheN  sizes  of  special  assessment  districts 
vary  a  great  deal;  the  size  generally  is  de- 
pendent on  the  extent  of  the  supposed  benefit 
and,  therefore,  on  the  nature  of  the  improve- 
ment. Special  assessment  districts  tradi- 
tionally have  been  considered  to  abut  the 
improvement  being  financed  but,  as  previously 
noied,  tradition  often  is  not  followed.  In 
Omaha,  Nebr.,  special  assessments  for  a 
boulevard  were  levied  against  property  three- 
fourths  of  a  mile  away.  In  Fremont,  Nebr., 
the  cost  of  a  bridge  was  recovered  by  a  special 
assessment  levied  against  the  entire  town 
Financing  the  .Moffat  Tunnel  under  the  Con- 
tinental Divide  in  Colorado  involved  the  es- 
tablishment of  a  special  assessment  district 
some  145  miles  long  that  varied  in  width  from 
6  miles  up  to  the  width  of  an  en)  ire  county, 
40  miles  or  more. 

Dependence  on   Special  Assessments 
for  Public  Improvements 

Differences  in  the  extent  to  which  various 
localities  depend  upon  special  assessments 
for  the  financing  of  public  improvements 
can  be  seen  by  comparing  the  magnitude  of 
special  assessments  for  different  areas  or  by 
relating  levies  for  special  assessments  to 
general  property  taxes.  In  California,  the 
San  Diego  $5  annual  per  capita  charge  for 
special  assessments  suggests  thai  this  method 
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of  financing  public  improvements  is  depended 
upon  to  a  greater  extent  than  ii  is  in  Los 
where  the  annual  per  capita  charge 
for  special  assessments  averages  $2.55.  In 
San  Francisco,  the  dependence  upon  special 
assessment  financing  is  even  less,  the  annual 
per  capita  charge  for  special  assessments 
being  about  It*  cents.  A  comparable  dis- 
parity in  the  degree  to  which  cities  rely  on 
special  assessment  financing  lias  been  noted 
in  Indiara:  the  annual  per  capita  charge 
varies  from  about  $3  in  Fort  Wayne  to  only 
6  cents  in  Terre  Haute. 

Comparison  of  the  amounts  raised  by 
special  assessments  and  by  general  property 
taxes  provides  another  indication  of  the 
important  reliance  that  some  communities 
place  on  the  use  of  special  assessments.  In 
some  cases,  special  assessment  levies  have 
equaled  or  exceeded  revenues  from  general 
property  taxes  although,  as  has  been  indi- 
cated, the  ratio  between  revenues  raised  by 
property  taxes  and  by  special  assessments 
has  been  quite  constant  for  the  country  as  a 
whole  during  recent  years.  For  example, 
in  a  number  of  communities  such  as  North 
Hempstead  and  Tonawanda,  N.Y.,  and  Gilroy 
and  Los  Attos,  Calif.,  revenues  in  1957-58 
from  special  assessment  levies  were  almost 
double  those  obtained  from  general  property 
taxes. 

Use  of  special  assessments  is  fairly  common; 
this  method  of  financing  is  being  used  or  is 
available  for  use  in  most  American  cities. 
In  a  survey  of  cities  with  populations  of  more 
than  10,000,  conducted  in  1959  by  the  Inter- 
national City  Managers'  Association,  nearly 
80  percent  of  the  cities  responding  reported 
some  use  of  special  assessments.  More  than 
a  third  of  the  14.472  autonomous  special 
districts,  excluding  school  districts,  have 
the  authority  to  levy  special  assessments. 
In  California,  alone,  some  2,982  special  dis- 
tricts have  authority  to  levy  special  assess- 
ments.    In    New    York    City,    in    1958,    the 

Table  1. — Receipts  for  highways  from 
property  imposts 


Year 

General 
property  ta> 

(1,000 
dollars) 

Special  assessments 

Amount, 
1,000  dollars 

Fereentage 

of  general 

tax 

URBAN 

1957 

1956 

1955 

19.54 
1953 

1952 

1951 

1950 

1949 

238,  270 
159, 120 

152.663 
111,706 
123,  949 

123,013 
131,  112 
113,61(1 
90,  835 

104,  S07 
98,  756 
86,  887 
76,  719 
71,870 

50,847 

41.701 
39,  879 
41,  800 

44 
62 
57 
53 
58 

41 
32 
35 
46 

RURAL 

1957 

1956. 

1955 

1954. 

1953 

1952 

1951 
1950 
1949 

472,327 
454,  030 
428,  HIS 
413,859 
397,  544 

370,648  ' 
337,  824 
329,  475 
277,  9S0 

11,387 
H.llll 
9,908 
6,  360 
5,  821 

5,942 

1  4,  980 
5,080 

2  2,  891 

'2 

2 

2 

1 

2 
1 
2 
1 

'  Of  this  amount,  $3,262,000  was  spent  in  Illinois. 
2  Of  this  amount,  $2,390,000  \\;.x  spent  in  Illinois 


Board  of  Assessors  approved  100  sewer  and 
!»7  highway  projects,  thereby  causing  the 
creation   of    197  special  assessment   districts. 

Purpose  of  Special  Assessment 

The  International  City  Managers'  Associ- 
ation survey,  previously  mentioned,  also 
provided  information  on  the  purposes  for 
which  special  assessments  are  used.  More 
than  700  of  the  876  cities  responding  indi- 
cated that  special  assessment  levies  were 
used  to  finance  the  paving  of  new  streets. 
Some  of  the  other  major  purposes  for  which 
special  assessments  were  used  included  financ- 
ing for  curbs  and  gutters,  sanitary  sewers, 
and  sidewalks. 

The  major  purposes  for  which  special 
assessments  were  used  and  the  number  of 
cities  employing  this  financing  procedure  for 
each  purpose  are  shown  in  the  following  list. 

No.  of 

Purpose  cities 

New  street  paving 712 

Curbs  and  gutters 665 

Sanitary  sewers 641 

Sidewalks 631 

Storm  sewers 287 

Waterlines 261 

Repaving  streets  and  alleys 222 

Street  lighting  facilities 152 

Off -street  parking 68 

Miscellaneous  improvements 34 

Special  assessments  are  utilized  for  many 
purposes  other  than  the  fairly  common  ones 
indicated  in  the  foregoing  list.  In  some 
instances,  special  assessments  are  used  for 
financing  both  the  original  cost  of  an  im- 
provement and  its  maintenance  costs.  Often 
they  are  financed  partially  by  special  assess- 
ment levies  against  property  near  the  facility 
and  partially  by  general  property  taxes. 

The  wide  variety  of  purposes  for  which 
special  assessments  are  levied  is  indicated  by 
the  66  different  functions  or  facilities  that 
have  been  financed  by  special  assessments 
in  California.  These  ranged  from  the  more 
common  facilities  and  activities  such  as 
libraries,  highway  lighting,  and  fire  protec- 
tion— with  more  than  400  special  assessment 
districts  for  each  of  these — to  activities  and 
facilities  such  as  debris  basin  maintenance, 
mosquito  abatement,  parking,  citrous  pest 
control,  separation  of  grade,  transit,  and 
water  storage.  In  Los  Angeles,  an  ordinance 
requires  the  demolition  of  dangerous  and 
obsolete  buildings  and,  in  the  absence  of 
compliance  therewith,  permits  this  work  to 
be  done  by  the  city  and  its  cost  recovered 
by  a  special  assessment  against  the  land. 
Special  assessment  procedures  have  even 
received  some  consideration  as  a  means  of 
financing  slum  clearance  programs.  Justifi- 
cation for  such  a  use  would  be  similar  to  that 
for  other  special  assessment  proposals — that 
the  surrounding  area,  because  of  the  benefits 
from  the  slum  clearance,  could  be  expected 
to  meet  at  least  part  of  the  cost  of  the  program. 

As  might  be  expected,  purposes  for  which 
special  assessments  are  used  have  changed  over 
the  years.  Thirty  years  ago  special  assess- 
ments were  used  to  a  considerable  extent  for 


financing  rural  roads;  today  they  are  beinji 
used  increasingly  to  finance  street  lighting 
particularly  ornamental  lights,  and  for  re 
habilitation  of  downtown  areas.  Specia 
assessments  for  rehabilitation  projects  may  b 
imposed  for  such  specific  purposes  as  parkin; 
lots,  malls,  parks,  etc.  For  example,  t< 
rehabilitate  a  downtown  area,  Royal  Oak 
Mich.,  used  special  assessment  financing  t' 
provide  a  series  of  parking  lots  and  malls; 
In  this  case,  half  the  cost  was  met  by  an  at 
valorem  levy  against  the  downtown  distric 
and  half  by  a  graduated  front  foot  charge. 

Special  Assessments  for  Highways 

Highways  and  streets  are  quite  analogous  t 
such  public  activities  as  waterworks  an 
sewers.  While  these  facilities  ordinarily  pre 
vide  more  benefit  to  those  using  them  tha 
to  other  people  in  the  community,  mo; 
people,  whether  users  or  nonusers,  are  bene 
fited  to  some  degree  from  the  existence  of  th 
facility.  It  has  been  deemed  reasonabL 
therefore,  to  charge  both  users  and  nonuse; 
for  construction  of  the  facility.  A  fair] 
common  procedure,  used  for  allocating  tl 
cost  of  major  streets  or  highways  betweej 
highway  users  and  abutting  owners,  is  tj 
charge  abutting  property  owners  for  a  portio| 
of  the  cost  of  arterial  facilities  equal  to  the  co: 
of  an  access  street  or  road.  In  the  case  of  m;j 
jor  highway  improvements,  the  benefit  deem 
to  accrue  may  be  fairly  widespread.  For  e 
ample,  when  Chicago's  12th  Street  was  w 
ened  at  a  cost  of  $3.3  million,  properti 
within  an  area  of  a  little  more  than  5  squa 
miles  were  deemed  to  be  benefited  and  speci 
assessments  that  amounted  to  nearly  half 
the  original  cost  were  levied  against  th< 
properties — special  assessments  totaled  $1 
million. 

The  nonuser  charge  may  be  imposed  eith 
as  a  property  tax  or  a  special  assessment, 
both.     The  fairly  stable  relationship  betwe 
the   total  amount   of   municipal   funds   bei 
raised    as    general    revenues    and    as    spec; 
assessments  has  been  referred  to  previousl  ) 
As  shown  in  table  1,  the  relationship  betwif) 
the    amounts    that     municipalities    raise 
highways  as  general  revenues  and  as  spe 
assessments    also    has    been    fairly    stable 
recent  years.  ^ 

Whether  special  assessments  can  be  uf  % 
as  a  means  of  providing  equitable  financ  |( 
for  a  public  activity  depends  primarily  on  i  M 
extent  of  the  benefits  involved.  The  Am<|  |( 
can  public  and  the  courts  have  accepted  L 
principle  that,  as  a  local  street  bene  L 
adjacent  property,  it  is  equitable  and  reas 
able  to  expect  the  property  owners  invol' 
to  pay  at  least  a  portion  of  the  cost.  A 
it  generally  has  been  recognized  that 
benefits  provided  by  a  major  highway  ext< 
beyond  the  limits  of  the  abutting  propert 
Now,  more  than  in  the  past,  highways 
built  primarily  to  serve  highway  users.  Tl 
while  boulevards,  parkways,  and  other  m<' 
arterials  formerly  were  financed  partially 
special  assessments  and  to  some  extent 
are;  for  example,  in  Minneapolis  and 
Paul,  Minn.,  Milwaukee,  Wis.,  and  Deti 
Mich. — major  highways  now  are  being 
nanced  primarily  from  user  revenue. 
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Application  of  Infrared  Spectroscopy 

to  Bituminous  Mineral  Filler  Evaluation 


1y  the  division  of  physical  research 
Bureau  of  public  roads 


Reported  '  by  BERNARD  CHAIKEN,  Chemist; 

WOODROW  J.  HALSTEAD,  Supervisory  Chemist;  and 

ROBERT  E.  OLSEN,  Highway  Research  Engineer 


Problems  encountered  in  classifying  the  minerals  from  material  in  a  specific 
natural  mineral  deposit,  which  was  intended  for  use  as  a  filler  in  bituminous 
concrete,  provided  the  basis  for  the  research  reported  in  this  article.  After 
chemical  and  petrographic  examination  of  material  from  this  deposit  resulted 
in  an  uncertain  classification,  particularly  as  to  whether  kaolinite  or  other  clay 
minerals  were  present,  various  technicpies  were  employed  by  the  Bureau  of 
Public  Roads  in  an  attempt  to  classify  the  minerals  and,  more  specifically,  to 
determine  the  suitability  of  the  material  for  bituminous  construction.  It  is 
believed  that  the  experiences  from  this  research  study  will  be  helpful  to  others 
encountering  a  similar  problem. 

The  methods  used  and  the  results  obtained  in  this  study  are  reported  here. 
By  resorting  to  a  combination  of  instrumental  methods,  physical  tests,  and 
chemical  analysis,  the  clay  mineral  nature  of  the  material  and  its  potential 
behavior  as  a  filler  for  bituminous  concrete  were  determined.  The  methods 
utilized  in  the  study  included  infrared  spectroscopy;  x-ray  diffraction;  differen- 
tial thermal  analysis;  fineness,  surface  area,  and  plasticity  tests;  chemical  anal- 
ysis; immersion-compression  tests  of  bituminous  concrete  mixtures;  and  soften- 
ing point  tests  of  asphalt -filler  mortars.  Emphasis  in  this  report  has  been  placed 
upon  the  use  of  infrared  spectroscopy  for  identifying  the  clay-like  nature  of  the 
filler. 


Introduction 

BECAUSE   OF  the   difficulties   related   to 

■-*    evaluating    the    suitability    of    mineral 

Hers  for  bituminous  mixtures  solely  on  the 

asis    of    their    physical    characteristics,    the 

ureau  of  Public  Roads  has  been  conducting 

search  to  determine  the  usefulness  of  new 

strumental     means     for     determining     the 

ineralogical  nature  of  fillers — such  informa- 

Dn  to  be  used  as  a  supplement  to  that  ob- 

,ined  from  physical  tests.     Bituminous  tech- 

blogists  are  well-aware  of  the  fact  that  the 

'•operties  and  performance  of  a  bituminous 

fixture    can    be    influenced    greatly    by   the 

I' action    of   aggregate   that    passes    the    200 

J  esh  sieve.     It  is  also  known  that  the  effect 

I    this  fraction,  generally  referred  to  as  the 

tf  ler,    on    a    bituminous    mixture    cannot    be 

tii-edicted  precisely  from  the  easily  measured 

iiaracteristics  of  the  filler  itself.     The  diffi- 

ttilties  encountered  and  some  of  the  relation- 

4iips  between  various  laboratory  tests  have 

en    discussed    by    Warden,    Hudson,    and 

fowell  (1) 2  in  a  recent  evaluation  of  a  num- 

I 

tr 


1  Presented    at    the   41st   annual   meeting,    Highway 
(search  Board,  Washington,  D.C.,  January  1962. 
1  References  indicated  by  italic  numbers  in  parentheses 
J  listed  on  page  52. 
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ber  of  filler  materials.  A  general  classifica- 
tion of  materials  on  the  basis  of  several  tests 
has  been  provided  in  their  work  but,  as  they 
have  pointed  out,  it  is  impossible  to  evaluate 
properly  the  suitability  of  a  filler  on  the 
basis  of  its  physical  characteristics  alone. 

The  evaluation  of  fillers,  by  noting  their 
behavior  either  in  combination  with  asphalts 
or  in  bituminous  concrete  mixtures,  is  made 
complex  by  the  effect  of  variations  in  the 
test  specimens  or  differences  in  the  properties 
of  the  supplementary  materials.  For  ex- 
ample, the  immersion-compression  test  {2) 
generally  is  used  to  determine  the  effect  of 
water  on  composite  specimens  of  aggregate, 
filler,  and  binder.  Various  laboratories,  how- 
ever, sometimes  reach  different  conclusions 
as  to  the  effect  of  a  specific  filler  material 
because  of  variations  in  the  type  and  grade  of 
the  aggregate  and/or  the  proportion  and 
characteristics  of  the  asphalt  used  in  the 
mixture. 

The  primary  objective  of  the  study  con- 
ducted by  Public  Roads  was  to  evaluate  the 
potential  suitability  of  a  specific  deposit  of 
finely  divided  natural  mineral  proposed  for 
use  as  a  filler  in  bituminous  concrete.  An 
uncertain  classification  of  the  minerals  present 
in  this  material  had  been  obtained  by  others 


from  limited  chemical  and  petrographic 
examinations.  In  particular,  a  question  ex- 
isted as  to  whether  kaolinite  or  other  clay 
minerals  were  present  in  this  material.  The 
use  of  conventional  procedures  and  various 
special  techniques  used  to  evaluate  this 
material  are  discussed  in  this  article.  It  is 
believed  that  the  experience  reported  here, 
particularly  as  to  the  special  techniques, 
may  be  helpful  as  a  guide  to  others  confronted 
with  a  similar  problem.  Techniques  used 
during  this  research  included  x-ray  diffrac- 
tion, differential  thermal  analysis,  and  in- 
frared spectroscopy.3  Special  emphasis  has 
been  placed  upon  the  use  made  of  infrared 
spectroscopy  to  identify  the  clay-like  nature 
of  the  filler  material  from  this  deposit. 

Thev  studies  made  with  each  of  the 
various  techniques  used  in  the  analysis  of  the 
material  from  the  deposit  were  carried  out 
more  or  less  independently,  and  data  resulting 
from  the  use  of  each  of  the  techniques  is 
presented  separately.  Because  the  use  of 
infrared  spectroscopy  as  a  means  of  evaluating 
the  mineral  characteristics  of  filler  material  is 
relatively  new,  details  on  the  application  of 
this  technique  and  the  manner  of  interpreting 
the  results  have  been  presented.  As  literature 
is  readily  available  concerning  procedures  and 
techniques  for  x-ray  diffraction,  differential 
thermal  analysis,  and  chemical  analysis, 
detailed  descriptions  have  not  been  included 
for  these   applications. 

Gradation,    General  Properties,   and 
Classification  of  Material 

Eight  samples,  representative  of  different 
areas  of  the  deposit,  were  taken  directly  from 
the  ground  and  from  material  previously 
obtained  from  the  deposit  and  stored  in 
stockpiles  and  storage  bins.  Results  of 
mechanical  analysis,  surface  area  measure- 
ments,   and   soil    classifications   are    given    in 


'  The  authors  extend  their  appreciation  to  E.  B.  Kinter 
and  S.  .1.  Diamond,  Highway  Research  Engineers,  Bureau 
of  Public  Roads,  who  interpreted  the  data  relating  to  dif- 
ferential thermal  analysis,  surface  area,  and  x-ray  analysis. 
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Table  1. — Physical  properties 

of  mineral  fillers 

Fi 

ler  material  from 

tesl  deposit,  sample  numbers— 

Control  fillers 

1 

2 

3 

4 

5 

6 

7 

8 

Lime- 
stone 
dust 

<  i  i  un- 
ite 
dust 

ling: 
Filler  passing  sieve: 

No.  10 percenl 

No.  4() do 

NO.  60 .do 

No.  200 do.— 

100 

99 
99 
95 

100 
99 
99 
95 

100 

97 

100 

99 
99 

97 

inn 
98 

L00 
99 
99 
96 

100 
99 
98 

96 

100 
99 
99 
97 

"166" 

99 
89 

'166" 

97 

Filler  smaller  than  (mm): 

0.060  percent— 

.020    do 

005    do 

.002 do 

.001....                     -.do 

92 

711 

2li 

2 

0 

93 
70 
24 
2 
0 

95 
72 
26 
2 
0 

95 

73 

28 

2 

0 

96 
78 
34 
6 

1 

94 
72 
26 
6 
2 

95 
77 
37 
11 
3 

95 

77 

30 

4 

1 

73 

27 
8 
5 
4 

62 

22 
5 
1 
0 

Surface  area: 
Square  meters  per  gram 

7 

7 

7 

7 

=  18 

7 

2  18 

7 

0.2 

0.1 

33 

31 

34 

31 

48 

34 

39 

34 

7 

5 

e 

7 

11 

6 

10 

7 

1NP 

1NP 

AASHO  classification-          

\  i(g) 

A.-4C8) 

A-4(8) 

A-4(8) 

A-7-5 

no) 

A-4(8) 

A-4(8) 

A-4(8) 

A-4(8) 

A-4(8) 

1  Approximations  obtained  by  gylcerol  retention  method. 

2  Comp tively  high  values  are  believed    to  have  been 

caused  bj   greater  amount  of  vermiculite  present  in  samples 
5  and  7. 


3  Nonplastic. 


Im  mersion-Compression  Tests 

Immersion-compression  tests  were  mad 
with  the  three  selected  samples  to  determinl 
the  effect  of  the  natural  filler  materials  on  thl 
strength  properties  of  a  bituminous  concretj 
mixture.  For  comparison,  the  same  testj 
were  made  with  two  control  fillers:  a  limti 
stone  dust  and  dust  from  a  crushed  granitl 
aggregate.  The  gradation  of  the  combine 
aggregate  and  filler  used  in  the  bituminoj 
mixture  for  the  immersion-compression  tei 
conformed  to  that  of  a  typical  wearing  cours) 
mixture,  as  follows: 

Percent 
Sieve  size  passing 

'.  inch 100.  0 

%  inch 98.  5 

No.       4 85.  0 

No.     10 67.0 

No.    40 33.  0 

No.    80 15.0 

No.  200-Pan  (mineral  filler) .  .        6.  5 


table  1.  Also  shown  in  the  table  are  character- 
istics of  the  two  control  fillers  that  were 
used  in  subsequent  evaluation  tests. 

All  eight  samples  of  the  natural  filler 
material  had  plastic  properties;  the  plasticity 
indices  varied  from  5  to  11  and  the  liquid 
limits  from  31  to  48.  With  the  exception  of 
samples  5  and  7,  surface  areas  as  determined 
by  the  glyeerol-retention  method  were  7 
square  meters  per  gram.  This  value  was 
less  than  might  be  obtained  for  a  pure  clay 
such  as  kaolinite,  approximately  20  square 
meters  per  gram,  but  was  substantially 
higher  than  the  values  for  the  control  fillers 
of  limestone  and  granite,   which  had  surface 


areas  respectively  of  0.2  and  0.1  square  meter 
per  gram,  as  can  be  seen  in  table  1. 

( >n  the  basis  of  these  conventional  tests  as 
well  as  infrared  spectroscopy  and  x-ray 
analysis,  which  will  be  discussed  later,  three 
samples — 2,  5,  and  8 — considered  as  represent- 
ing the  maximum  differences  in  composition 
of  the  various  areas  of  the  deposit  were 
selected  for  special  studies  in  combination 
with  asphalt.  The  effect  of  the  natural 
filler  on  the  properties  of  bituminous  mixtures 
was  determined  by  the  immersion-compression 
test.  The  effect  of  these  samples  on  the 
softening  point  of  filler-bitumen  mortars  also 
was  determined. 


Table  2. — Immersion-compression  test  results 
(Each  value  shown  is  the  average  for  three  specimens) 


Characteristiss  determined 


Bulk  specific  gravity.. 

Void  characteristics,  percentage: 

Air  voids.. 

Mineral  voids.. 

Mineral  voids  filled 

Compre    Ive  strength  data,  p.s.i 

No  immersion 

After  immersion  at  120°  F.  for: 

4  days 

7  days 

14  days 

Retained  strength,  percentage: 

No  immersion 

After  immersion  at  120°  F.  for: 

4  days 

;  'lays 1 

1 1  days 

Swell,  percentage: 
After  immersion  at  120°  F.  for: 

4  days _ 

7  days 

14  days 


Specimens  containing— 


Limestone 
dust 


2.244 


8.8 

23.1 
61.8 


296 

230 

213 
196 


100 

78 
72 
66 


1.0 

1.5 
1.4 


Granite 
dust 


2.  255 


8.5 
22.  8 
62.6 


302 

241 
217 
19S 


100 

80 
72 
66 


1.0 
1.5 

1.5 


Filler  material  from  samples- 


No.  2 


2.  281 


191 

13S 




55 
40 
29 


2.2 

3.4 
4.8 


No.  5 


2.277 


6.9 
21.3 
67.6 


346 

207 
163 
113 


100 

60 
47 
33 


1.8 

2.7 
3.8 


No.  8 


2.281 


21. 
66. 


342 

217 
185 
131 


100 

64 
54 
38 


1.7 
2.2 
3.3 


X 


Each  of  the  fillers  was  sieved  to  remove 
material  retained  on  the  200  mesh  sieve 

1  he  portion  passing  this  sieve  was  used  to  co 
stitute    the    entire    fraction    shown    as 
200-Pan. 

Each   mixture   contained   6.50   percent 
phalt  on  a  total  mix  basis.     Characterise 
of  the  asphalt  were:  Specific  gravity,    1.01 
softening   point,    118°    F.;    penetration 
grams,  5  seconds  at  77°  F.),  93;  ductility 
centimeters/minute    at    77°    F.),    230    cen 
meters. 

Bituminous  concrete  mixtures  were 
pared  with  filler  material  from  each  of  the  thi 
samples  (2,  5,  and  8)  and  each  of  the 
control  samples.  The  aggregate  for  each  m 
t  ure,  including  the  filler,  was  blended 
heated  overnight  at  a  temperature  of  325° 
and,  prior  to  mixing,  the  asphalt  was  heal 
to  a  temperature  of  290°  F.  The  hot 
gregate  and  asphalt    were  mixed  together 

2  minutes  in  a  modified  Hobart   mechani 
mixer    and    t  lie    mixture     immediately 
molded    into    cylindrical    specimens    by 
double-plunger  method  at  3,000  p.s.i.  held 
2  minutes.     Twelve  specimens,  3  inches  h 
and  3  inches  in  diameter,  were  molded 
each  of  the  five  fillers — a  total  of  60  specim 
These  specimens   were  cooled  to  room   ti 
perature  and  then  placed  in  an  oven  at  a  fci 
I"  i. it  tire  of  140°  F.  to  cure  for  24  hours. 

The  12  specimens  of  each  mixture 
divided  into  4  groups  so  that  the  average  b 
specific  gravity  of  each  group  of  3  specim 
was  the  same.  These  groups  were  then  I  e> 
for  compressive  strength  a1  77°  F.,  one  gn 
without  having  been  immersed,  and  eacr 
the  other  groups  after  having  been  immei 
in  water  at  120°  F.  for  4,  7,  and  14 
spectively.  Average  test  values  for  eacl 
the  groups  are  shown  in  table  2.  Results 
are  shown  for  void  characteristics,  comp 
sive  strength  prior  to  immersion,  and  c  re- 
pressive strength  and  percent  of  swell  ; ■  fcr 
immersion. 

The  molded  specimens  containing  the  nj 
ral   fillers,    samples    2,    5,    and   8,    had    lofcr 
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>ercentages  of  air  voids  and  higher  percent- 
,ges  of  mineral  voids  filled  with  asphalt  than 
he  specimens  containing  limestone  and  granite 
lust  fillers.  Without  immersion,  the  com- 
>ressive  strengths  of  the  specimens  containing 
latural  fillers  were  higher  than  those  of  the 
pecimens  containing  the  control  fillers.  How- 
ever, after  immersion  the  strength  of  the 
pecimens  with  the  natural  fillers  decreased 
it  a  much  higher  rate.  The  mixtures  pre- 
pared with  the  natural  fillers  would  not  be 
icceptable  under  the  criterion  used  by  the 
Bureau  of  Public  Roads,  which  requires  a 
ninimum  of  70  percent  retained  strength  after 
L  days  of  immersion  in  water  at  a  temperature 
if  120°  F.  The  mixtures  containing  the  lime- 
tone  and  granite  dust  would  be  considered 
atisfactory.  Both  the  liigh  percentage  of  swell 
md  the  large  loss  of  compressive  strength  of 
he  specimens  containing  natural  fillers  indicate 
hat  materials  of  this  type  are  water-suscepti- 
ve and  may  not  be  satisfactory  for  highway 
onstruction. 

Softening  Point  of  Asphalt-Filler 
Blends 

Previous  studies,  reported  in  references  1,  3, 
md  4,  have  shown  that  the  properties  of 
)lends  of  filler  and  asphalt  are  indicative  of 
he  effectiveness  of  mineral  fillers.  To  com- 
pare the  natural  fillers  and  the  two  control 
illeiSjUsed  in  this  study,  various  blends  of 
isphaltj  and  filler  were  prepared   and   their 
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softening  points  determined  by  the  Ring  and 
Ball  method.  The  results  of  these  tests  are 
given  in  table  3,  and  the  relations  of  the 
volumetric  filler-bitumen  ratios  to  the  soften- 
ing points  of  the  different  blends  are  shown  in 
figure  1. 

Blends  prepared  from  samples  2,  5,  and  8 
showed  a  much  higher  rate  of  increase  in 
softening  point  than  the  blends  with  the  two 
control  fillers.  This  can  be  attributed  par- 
tially to  the  higher  surface  area  of  the  natural 
fillers.  Blends  containing  sample  5  showed 
the  greatest  increase  in  softening  point,  and 
the  curve  for  these  blends  is  similar  to  a  curve 
developed  for  kaolin  by  Warden  (1)  and  others. 
A  moderate  increase  in  softening  point  is  de- 
sirable for  increased  stability  but  large  in- 
creases are  considered  detrimental  because 
they  may  result  in  brittleness  of  asphalt- 
aggregate  paving  mixtures. 

Differential  Thermal  Analysis  and 
X-Ray  Diffraction 

The  combined  results  of  differential  thermal 
analysis  and  x-ray  diffraction  on  the  eight 
samples  from  the  natural  deposit  are  given 
in  table  4.  The  results  were  conclusive  with 
respect  to  the  qualitative  presence  of  kaolinite, 
quartz,  and  mica.  The  quantitative  approxi- 
mations of  the  amount  of  kaolinite  were  made 
by  differential  thermal  analysis,  and  the  esti- 
mates for  quartz  were  obtained  by  x-ray  dif- 
fraction.    These  estimates  were  made  to  the 
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nearest  5  percent,  which  for  these  minerals  is 
the  limit  of  precision  for  the  techniques  used. 
Although  the  x-ray  patterns  very  definitely 
indicated  the  presence  of  mica,  quantitative 
estimates  could  not  be  made  with  these  tech- 
niques. Consequently,  mica  was  estimated 
by  difference.  Therefore,  any  other  minerals 
or  amorphous  material  that  may  have  been 
present  were  included  with  the  amount  shown 
for  mica,  in  table  4, 

As  shown  in  table  4,  the  composition  of  the 
eight  samples  from  different  locations  in  the 
deposit  was  not  uniform.  The  percentage  of 
kaolinite  varied  from  10  to  45,  that  of  quartz 
from  10  to  30,  and  the  balance,  which  included 
the  mica,  varied  from  45  to  05  percent.  Al- 
though not  shown  as  a  major  constituent  in 
table  4,  the  presence  of  vermiculite  was  de- 
tected in  all  samples;  0.7  percent  was  estimated 
to  be  present  in  all  samples  except  5  and  7,  and 


Table  3.— Softening  points  of  filler-asphalt 
blends  1 


Filler 

Filler-asphalt  blends 

Test,  material 

Specific 
gravity 

Filler-bitumen 
ratio — 

Softening 

point, 

0  F. 

By 

volume 

By 

weight 

Limestone  dust. 

Granite  dust... 

Sample  2 

Sample  5 

Sample  8 

2.71 

2.79 

2.70 

2.69 
2.70 

0.18 
.30 
.54 
.70 

.18 
.35 
.53 

.08 

.19 
.37 
.53 
.74 

.19 
.37 
.56 

.19 
.37 
.49 
.66 

0.  49 
.  96 

1.44 
1.97 

.49 
.97 
1.44 
1.87 

.50 
.99 
1.40 
1.97 

.49 
.93 
1.47 

.50 
.99 
1.30 
1.75 

119 
126 
134 
149 

123 
131 

145 

2  180+ 

126 

143 
176 

3  271 

127 

151 

3  230 

126 

147 

174 

3  234 

i  Softening  point  of  the  asphalt  with  no  filler  was  118°  F. 
and  all  filler  material  used  in  the  blends  had  been  dry 
screeened  so  that  100  percent  passed  the  200  mesh  sieve. 

2  Sample  fell  from  test  mold  at  180°  F. 

3  Glycerine  bath. 


Table  4. — Mineral  content  of  filler  deter- 
mined by  differential  thermal  analysis 
and  x-rav  diffraction  ' 


Sample 
number 

Mineral  content — 

Kaolinite  2 

Quartz  3 

Balance  (in- 
cluding mica)4 

1   .. 

Percent 
15 
10 
15 
20 

45 
25 
20 

15 

Percent 
25 
30 
20 
20 

10 
25 

20 
25 

Percent 
60 
60 
65 
60 

45 
50 
60 
60 

2 

3  .. 

4 

5         

6         

8 

^Figure  1.— Relation   of  filler  material  to  variation  in  softening  point  of  filler -bitumen 
|  mortars. 

0  PUBLIC  ROADS  •  Vol.  32,  No.  2 


i  Results  estimated  to  the  nearest  5  percent. 

2  Estimated  from  differential  themal  analysis. 

3  Estimated  from  x-ray  diffraction  patterns. 

i  The  presence  of  mica  was  established  by  x-ray  diffraction. 
Approximately  0.7  percent  of  vermiculite  was  present  except 
for  samples  5  and  7  with  approximately  1.5  percent.     Amor- 
phous materials  that  may  have  been  present  also  are  im  1 1 
in  the  percentages  shown. 
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it  was  estimated  that  they  contained  1.5  per- 
cent. Because  of  the  very  large  surface  area 
of  vermieulite,  differences  of  such  magnitude 
in  I  lie  vermieulite  content  of  a  filler  are  sig- 
nificant  and,  in  this  case,  accounted  for  the 
differences  in  the  surface  areas  previously 
noted  for  samples  5  and  7  (table  1).  The  high 
liquid  limits  and  plastic  indices  for  these  two 
samples  also  can  be  accounted  for  on  the  basis 
of  vermieulite  content. 

Cliemieal  Analysis 

Results  from  the  limited  chemical  analyses 
of  the  eight  samples  of  natural  filler  material 
are  shown  in  table  5.  These  results  tended  to 
confirm  the  more  specific  findings  from  the 
x-ray  analysis.  The  substantial  ignition  loss 
that  was  noted  is  indicative  of  combined 
water,  such  as  is  found  in  clay  minerals. 
Although  by  no  means  conclusive  evidence, 
the  appreciable  potassium  oxide  content,  as 
compared  with  very  little  sodium  oxide,  sug- 
gested that  the  bulk  of  the  mica  found  by 
x-ray  diffraction  was  of  the  muscovite  type. 
The  estimate  of  the  amount  of  muscovite  mica 
present  was  based  therefore  on  an  empirical 
calulation  from  the  potassium  oxide  content. 
The  higher  ignition  loss  for  sample  5  confirmed 
the  x-ray  diffraction  findings  that  this  sample 
had  the  largest  clay  content  of  any  of  the  eight 
samples. 

INFRARED   SPECTRAL  ANALYSIS 

V-  previously  noted,  the  application  oi 
infrared  spectroscopy  to  a  problem  involving 

the  identification  of  minerals  in  natural  filler 
material  is  relatively  new.  Therefore,  the 
procedures  used  in  this  portion  of  the  study 
are  described  in  greater  detail,  and  the  results 
arc  discussed  with  reference  to  the  findings 
from  more  familiar  techniques 

Instrument  and  Its  Operation 

A  double-beam  spectrophotometer  with 
automatic  recording,  as  described  in  a.  pre- 
vious report  (-'7),  and  having  a  sodium  chloride 
prisrn  for  operation  at  wavelengths  of  between 
'_'..")  and  to  microns,  was  used  for  this  study. 
Complete  scanning  time  was  approximately 
12  minutes.  The  sample  was  prepared  for 
analysis  by  the  potassium  bromide  (KBr)  disk 
method.  This  method  involves  dispersing  a 
minute  amount  of  test  sample  in  powdered 
potassium  bromide,  pressing  the  mixture  into 
a  disk,  and  recording  the  transmitted  infrared 
spectrum  of  the  disk.  Because  KBr  does  not 
ah-  orb  significant  infrared  energy  in  the  wave- 
length  range  used  for  this  study,  the  resultant 
spectra  are  characteristic  of  the  test,  samples 
alone.  I  >etails  of  (his  procedure  are  described 
in  the  following  paragraphs. 

Samples  of  filler  material  were  ground  to  a 
fine  powder  with  mortar  and  pestle  and  dried 
at,  a  temperature  of  105°  C.  for  at  least  24 
hours.  Weighed  samples  of  approximately  1 
milligram  were  added  to  0.35  gram  of  KBr 
(anhydrous  sped  roscopic  grade,  200/325  mesh) 
and  placed  in  a  stainless  steel  capsule.  Two 
Stainless  steel  balls  were  added,  and  the  con- 
tents were  mixed  for  30  seconds  in  an  elect  tic, 
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Table  5. — Chemical  analysis  of  natural  filler  material 


Sample  number 

Moisture  loss 
at  105°  C. 

Loss  on  ignition 
betwei  ii  10" 
and  950°  C. 

Potassium 
oxide,  K2O  1 

Sodium  oxide, 
Na20  1 

Muscovite  mica, 
by  empirical 
calculation  2 

1 

Perci  ill 

0.  12 

.1(1 

IIS 

.15 

.47 
.  22 
.  53 
.  Ill 

Percent 

3.8 
3.2 
3.8 

3.8 

8.  1 
5.  !> 
5.  2 
3'ii 

Percent 
3.  23 
3.13 
3.  13 

3.  is 

2  Hi 
2.  49 
2.0! 
2.  93 

Peril  11/ 

0.20 

.20 

.20 

.23 

.28 
.25 
.  19 

.20 

Percent 
40 
35 
35 
35 

25 
30 
30 
35 

2 

3 

4 

5 

6 

s 

1  Calculated  on  oven-dry  basis. 

2  Computed  to  nearest  5  percent  from  potassium  oxide  content  by  assuming  that  muscovite  mica  contains  an  average  of* 
8.5  percent  (6). 


dental-type  amalgamator.  The  mixed  powder 
was  transferred  to  a  special  die  and  the 
assembly  was  evacuated  to  a  pressure  of  less 
than  1  centimeter  of  mercury.  While  the 
vacuum  was  maintained,  a  total  load  of  20,000 
pounds  was  applied  to  the  die  for  several 
minutes.  The  pressed  disk  was  removed 
from  the  die  with  tweezers  and  analyzed  in 
the  infrared  spectrophotometer.  Each  disk 
measured  13  millimeters  in  diameter,  1  milli- 
meter in  thickness,  and  had  a,  fairly  trans- 
parent, appearance. 

Spectra 

The  infrared  spectrum  recorded  for  each  of 
the  eight  samples  has  been  reproduced  in 
figure  2.  (The  spectra  shown  in  figures  2-4 
are  included  in  this  article  only  for  illustrative 
purposes;  detail  has  been  lost  in  reproduction 
processes.)  The  spectra  had  characteristics 
attributable  to  materials  with  a  layered  sili- 
cate structure  similar  to  clay,  and  they  also 
revealed  the  presence  of  quartz.  One  of  the 
chvy  minerals  could  be  identified  clearly  as 
kaolinite  from  a  comparative  study  of  pub- 
lished spectra  of  clay  minerals.  To  confirm 
this,  a  comparison  of  pertinent  reference  spec- 


tra of  kaolinite,  quartz,  and  muscovite  iaj 
shown  in  figure  3.  The  spectrum  for  quartz, 
characteristically  has  a  prominent  double  peak! 
(downward  dip)  between  12.5  and  12.8  mi- 
crons. Kaolinite  has  an  interesting  spectrum' 
that  includes  a  sharp  peak  at  9.0,  a  doublet! 
or  double  peak  at  9.65  to  9.9.  and  another^ 
peak  at  10.9  microns.  The  kaolinite  spec-l 
trum  is  characterized  also  by  a  slight  shoulder- 
on  the  low  wavelength  side  of  the  latter  peak, 
which  occurs  at  about  10.6  microns.  The 
spectrum  for  muscovite  is  characterized  by 
major  peaks  at  about  10.0  and  10.9  microns.l 
The  spectra  for  both  kaolinite  and  muscovite 
are  characteristic  of  the  layered  silicates,  that 
is,  clay  minerals. 

The  sped  ra  for  both  kaolinite  and  muscovite 
in  this  study  showed  double  peaks  in  the  2.'i 
to  3.0  micron  area,  which  is  characteristic  o 
clay  structures.  The  2.7  micron  peak  waS 
produced  by  unbonded  hydroxyl  (OH),  ant 
the  2.9  ]3eak  was  caused  by  bonded  hydroxyl 
In  these  spectra  the  2.9  peak  was  somewha 
enhanced  by  the  effect  of  the  KBr  powde.j 
itself,  which  contained  unremovable  mois 
ture;  this  was  evident  also  in  the  spectrun 
for  quartz  where  the  2.9  peak  was  caused  b 
moist  lire  in  I  he  KBr  pellet . 
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Figure  2. — Infrared  speetra  of  eight  samples  of  material  from  deposit  under  test 
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For  a  more  direct  comparison  and  evalua- 
ion,  the  spectrum  of  the  filler  in  sample  5 
ras  replotted,  as  shown  in  figure  3,  because 
t  exhibited  the  closest  similarity  to  the  kao- 
nite  spectrum.  From  this  comparison  the 
allowing  conclusions  were  drawn  and  are 
pplicable  in  varying  degrees  to  the  material 
i  the  other  seven  samples. 

lUartz 

The  presence  of  quartz  in  sample  5  was 
pparent  from  the  prominent  peak  in  the 
pectrum  between  12.5  and  12.8  microns.  The 
rue  doublet  formation  in  this  area,  which  is 
haracteristic  of  quartz,  was  largely  attenuated 
l  the  sample  5  spectrum  because  of  the  back- 
round  effect  of  other  materials. 

[aolinite 

The  presence  of  kaolinite  in  sample  5  was 
vident  from  the  prominent  peak  in  the  spec- 
rum  at  9.0,  the  doublet  at  9.65  to  9.9,  and  the 
eak  at  10.9  microns.  The  slight  shoulder  at 
0.6  microns  also  confirmed  the  presence  of 
aolinite.  The  peak  at  9.0  microns  was  not 
s  sharp  as  in  the  kaolinite  spectrum,  perhaps 
s  a  result  of  the  additive  background  effects 
f  quartz  and  other  substances  in  the  sample 
ller  material.  The  kaolinite  pattern  was 
lost  pronounced  in  the  spectra  for  samples 

6,  and  7  (fig.  2)  and  this  is  in  conformity 
dth  the  differential  thermal  analysis  and  loss 
n  ignition  data,  as  can  be  seen  by  referring 
3  tables  4  and  5. 


Iuscovite 

Because  all  the  major  infrared  peaks  of 
iuscovite  appear  at  wavelengths  common  to 
)me  of  the  kaolinite  peaks,  it  was  impossible 
)  confirm  the  presence  of  muscovite  in  the 
Her  material  by  infrared  spectroscopy  alone. 
'he  presence  of  muscovite  was  inferred, 
owever,  from  the  combination  of  the  chemical 
ata — potassium  oxide  determination — and  the 
tape  and  slight  bulge  in  the  infrared  pattern 
l  the  10.2  micron  area.  This  infrared  charac- 
iristic  was  slightly  more  obvious  in  the  spectra 
pr  the  other  materials  than  for  that  from 
imple  5.  Nevertheless,  on  the  basis  of  the 
lfrared  data  alone,  it  cannot  be  said  with 
ertainty  that  muscovite  was  present. 

Presence  of  Clay  Confirmed 

Because  the  clay  mineral  structure  is 
estroyed  by  ignition,  the  use  of  infrared 
jpectroscopy  was  explored  to  provide  addi- 
ional  pictorial  confirmation  of  the  presence 
f  clay  minerals  by  examination  of  spectra 
:om  the  filler  material  after  it  had  been  ignited. 
t  is  known  that,  specifically  in  the  case  of 
aolinite,  ignition  at  temperatures  between 
00°  and  900°  C.  produces  a  metakaolin  and, 
onsequently,  the  10.9  micron  peak  in  the 
pectrum  is  destroyed  because  of  the  dislo- 
ation  of  the  octahedral  sheet.  Spectra  of 
nignited  kaolinite,  ignited  kaolinite  and  mus- 
ovite,  and  ignited  material  from  sample  6 
re  shown  in  figure  4.  Ignitions  were  made  at 
i  temperature  of  600°  C.  for  several  hours.  By 
.oting  the  absence  of  the  characteristic  peaks 
[q  the  various  spectra — that  is,  the  2.7  micron 
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Figure  3. — Comparison  of  infrared  spectra  of  reference  materials  with  spectrum  of  sample  5 

from  the  deposit  under  test. 


peak  of  unbonded  hydroxyl  and  the  10.9 
micron  peak  of  a  layered  silicate — it  can  be 
seen  that  in  all  cases  the  ignition  destroyed 
the  clay  minerals. 

The  evidence  from  examination  of  the 
spectra  of  these  materials  after  ignition 
strongly  supports  the  conclusion  that  signi- 
ficant amounts  of  clay  minerals  were  present 
in  the  original  samples  of  the  natural  filler 
material.  It  was  noted  that  the  quartz  peak 
of  12.5  microns  in  the  spectrum  of  the  ignited 
sample  6  remained  unaffected  by  the  ignition. 
As  heating  would  have  little  effect  on  quartz, 
this  would  be  expected.  Note  that  the  spec- 
trum  for   the    ignited    sample    6    appears    to 


resemble  a  composite  of  the  spectrum  of 
ignited  kaolinite  and  muscovite,  except  for 
showing  the  influence  of  quartz. 


Findings  Concerning  Techniques 

On  the  basis  of  this  study,  it  is  believed 
that  further  research  is  warranted  on  the 
application  of  the  techniques  of  differential 
thermal  analysis,  x-ray  diffraction,  and  infra- 
red spectroscopy  to  problems  of  the  type 
described  in  this  article.  These  techniques 
are  expected  to  be  helpful  in  explaining  the 
varying  effects  that  material  passing  the  200 
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Figure  4.— Comparison  of  effect  of  ignition  on  spectra  of  minerals  and  spectrum  of  sample  6 

from  the  deposit  under  test. 
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77i«»  rltiy  mineral  montmorillonite  is  widely  distributed  in  soils  and  has  a 
considerable  effect  on  soil  properties  such  as  plasticity,  strength,  and  volume 
change.  Recently,  various  amines  (cationic  organic  compounds,  derivatives  of 
ammonia)  hare  been  tried  in  soil  stabilization,  usually  as  supplementary  addi- 
tives with  other  stabilizers  such  as  phosphoric  acid.  The  following  two  articles 
present  information  on  two  aspects  of  the  products  obtained  by  treating  a  mont- 
morillonite {Wyoming  bentonite)  with  a  number  of  these  amines.  The  results 
presented  are  not  of  immediate  practical  value  in  application  to  field  problems, 
but  are  basic  in  nature:  they  represent  a  part  of  a  larger  study  investigating  the 
tut  I  u  re  anil  properties  of  soil  clay  minerals  anil  their  con  Irihu  lion  to  the  engineer- 
ing performance  of  soil  materials.  In  the  first  article  the  data  concern  meas- 
urements of  the  basal  spacings  of  the  amine -saturated  montmorillonite. 

Basal  spacing  measurements  were  made  by  x-ray  diffraction.  Specimens 
prepared  by  saturating  portions  of  the  montmorillonite  with  a  series  of  small 
aliphatic  primary,  secondary,  and  tertiary  amine  cations,  anil  with  quaternary 
ammonium  cations  were  x-rayed  while  wet,  after  oven  -ilryin  g,  anil  after  glycerol 
treatment .  Observed  basal  spacings  ranged  from  about  12  to  II  A.,  depending 
on  the  cation,  indicating  that  a  monolayer  of  cations  always  was  interleaved 
between  adjacen  t  montmorillonite  layers.  The  observed  spacings  are  consistent 
with  the  concept  that  the  cations  were  oriented  uith  their  minimum  thickness 
in  the  c-a.xis  direction,  but  it  is  possible  that  the  smallest  cations  hail  a  long 
axis  in   this  direction  and  were  partially  embedded  in   the  clay  surfaces. 

Montmorillonite  saturated  uith  cations  containing  up  to  four  carbon  atoms 
retained  some  sensitivity  to  water,  as  indicated  by  a  slight  contraction  of  the 
lattice  on  oven-drying  anil  by  rupiil  re-expansion  on  exposure  to  the  humidity  of 
the  laboratory   atmosphere. 

For  cations  having  a  layer  thickness  less  than  glycerol,  limited  lattice  expansion 
itccurreil  when  specimens  were  glycerol  treated,  usually  to  a  spacing  sufficient 
to  accommodate  a  single  layer  of  glycerol  molecules.  Apparently  the  cations 
functioned  as  pillars  separating  the  montmorillonite  layers,  anil  the  glycerol 
molecules  expanded  the  lattice  as  necessary  to  enter  the  spaces  bettveen  the 
pillars.  However,  two  exceptions  ivere  noted:  with  methylamine -saturation 
both  a  one-layer  and  a  I  no -layer  complex  of  glycerol  were  presen  t  simultaneously 
in  the  same  specimen  :  but  in  trimethylamine  saturation  two  different,  one-layer 
complexes  were  present.  It  is  suggested  that  the  glycerol  in  one-layer  mont- 
morillonite complexes  may  exist  in  two  orientations,  one  causing  a  layer  thick- 
ness of  about  4.1  A.,  the  other  a  thickness  of  about  4.6  A. 


Introduction 

THE  PROPERTIES  of  montmorillonite 
saturated  with  largo  aliphatic  amine 
cations  have  been  studied  fairly  extensively 
in  recent  years,  but  relatively  little  work  has 
been  done  with  the  smaller  amine  and  quater- 
nary ammonium  cations.  The  present  work 
represents  an  attempt  to  characterize  the 
complexes  formed  on  saturation  of  a  mont- 
morillonite with  some  of  these  smaller  cations, 
particularly  as  to  cation  dimensions,  packing 
of  ions  on   the   clay  surface,   and   complexes 

PUBLIC  ROADS  •  Vol.  32,  No.  3 


formed  by  glycerol.  This  article  includes 
information  on  the  determination  of  basal 
spacings  of  the  various  complexes,  and  on 
the  interpretation  of  the  data  in  terms  of  the 
thickness  and  orientation  of  t he  cations  and 
of  the  glycerol  molecules. 

Summary  and  Conclusions 

It  has  been  shown  that  montmorillonite 
saturated  with  any  of  a  number  of  short-chain 
normal  primary,  secondary,  or  tertiary  amine, 
or  quaternary  ammonium  cations  acquires  a 


basal  spacing  characteristic  of  the  formation 
ut  a  complex  consisting  of  a  monolayer  of 
cation  pillars  interleaved  between  adjacent 
layers  of  montmorillonite.  The  basal  spacing 
is  generally  very  regular,  even  with  wet 
specimens,  and  the  spacing  is  not  significantly 
reduced  by  air-drying.  Oven-drying  causes 
.-light  contractions  in  spacing  ranging  from 
about  0.7  A.  (angstrom  unit,  l()-s  cm.)  for 
specimens  saturated  with  tic  trimethylamine 
cation  down  to  about  0. 1  A.  for  those  sat  mated 
with  cations  containing  six  or  mine  carbon 
atoms.  Upon  re-exposure  to  the  laboratory 
atmosphere,  specimens  that  showed  significant 
contractions  on  oven-drying  underwent  a. 
rapid,  partial  re-expansion  because  of  the 
sorption  of  water  vapor. 

Thicknesses  of  the  cation  layers  estimated 
from  basal  spacings  of  the  saturated  clay 
were  0.2  to  1.1  A.  smaller  than  the  minimum 
clearance  thicknesses  measured  from  atom 
models.  One-  and  two-carbon  amine  cations 
might  have  been  present  in  other  than  mini- 
mum thickness  orientation  with  respecl  to 
the  basal  plane  and,  if  so,  were  partially 
embedded  in  the  silica  sheets. 

The  effect  of  glycerol  treatment  of  the  clay 
varied  somewhat  with  the  cation.  For 
saturation  with  most  of  the  smaller  cations, 
basal  spacings  were  obtained  that  are 
characteristic  of  the  clearance  thickness  of  a 
monolayer  of  glycerol  molecules  between 
the  montmorillonite  layers.  However,  with 
saturation  by  methylamine  cations,  at  least 
part  of  the  clay  expanded  to  admit  two  molec- 
ular layers  of  glycerol.  This  may  have  been 
a  reflection  of  the  inhomogeneity  of  the  Wy- 
oming bentonite  material,  the  fully-expanding 
portion  perhaps  having  a  lower  layer-charge 
density  than  the  remainder.  With  tri- 
met  hvlamine-t  reated  clay,  two  distinct,  one- 
layer  complexes  of  glycerol  occurred 
simultaneously  in  the  same  specimen.  This 
also  may  have  been  an  indication  of  the 
inhomogeneitj  of  the  montmorillonite. 

In  general,  it  is  clear  that  with  saturation 
by  the  smaller  amine  cations,  glycerol  pene- 
trated the  lattice  and  a  complex  consisting  of 


i  Presented  at  l  lie  10th  National  Conference  on  Clays  and 
Clay  Minerals,  Austin.  Texas,  October  1961. 
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rol  molecules 
vvas  i  with  the 

i   montmorillonite 
[avei  !  by  the  glycerol  mole- 

orientation  of  the 
glycerol  molecules  apparently  corresponded  to 
i  luil  obsen  erl  in  i  he  normal  two-layer  glycerol 
coinpli  ■  ol  montmorillonite,  which  had  a 
of  about  1.15  A.  per  layer.  Of  the 
layer  glycerol  complexes  with  tri- 
methylamine-saturated  clays,  one  glycerol 
layer  had  a  L2  A.  A-value  and  the  other  a 
A-value  of  l.G  A.  This  apparently  indicated 
two  different  orientations  of  the  glycerol 
molecules.  The  1.6  A.  A-value  indicated  an 
oriental  ion  corresponding  to  that  for  the  one- 
layer  glycerol  complex  for  a  sodium-saturated 
montmorillonite.  With  the  larger  tertiary 
amine  cation  and  the  quaternary  ammonium 
ration-,  the  changes  in  basal  spacing  observed 
for  glycerol-treated  specimens  were  minimal, 
and  it  was  not  possible  to  decide  unequivo- 
cally whether  the  lattice  actually  had  been 
peiiet  rated  bj  glycerol  molecules. 

Materials  and  Experimental 
Procedure 

Volclay-brand  Wyoming  bentonite  was 
used  as  a  source  of  montmorillonite.  The 
commercial  produci  was  fractionated  by  dis- 
persion in  water  with  sodium  hexametaphos- 
phate  (Calgon)  and  sedimentation  by  centrifu- 
gation;  the  material  coarser  than  2-microns 
was  discarded. 

Amine  cation-saturated  specimens  of  the 
clay  were  prepared  for  x-ray  diffraction  by 
using  1-normal  solutions  of  amine  compounds 
as  follows:  methyl-,  ethyl-,  dimethyl-, 
diethyl-,  di-n-propyl-,  trimethyl-,  triethyl-, 
tri-n-propyl-,  and  tri-n-butylamine  hydro- 
chloride. Saturations  also  were  made  with 
solutions  of  two  salts,  let  rainethylammonium 
chloride  and  tetraethylammonium  bromide. 
For  each  specimen  an  aliquot  of  the  clay- 
water  dispersion  sufficient  to  yield  about  100 
milligrams  of  clay  was  used  to  prepare  a  thin 
film  of  clay  as  an  oriented  aggregate  on  a 
porous  ceramic  tile,  by  a  centrifuge  method 
(/>.'-'  Saturation  was  accomplished  by  pass- 
ing five  separate,  5-milliliter  portions  of  the 
amine  salt  solution  (50  times  the  exchange 
capacity)  through  the  clay  film  and  tile  held 
in  the  suction  device  described  in  reference  1. 
The  clay  film  was  then  washed  five  times  by 
passing  20-milliliter  portions  of  distilled  water 
through  the  film  and  tile  in  the  same  manner. 

The  solutions  of  the  primary,  secondary, 
and  tertiary  amine  hydrochlorides  were  pre- 
pared by  neutralizing  the  appropriate  amine 
with  concentrated  hydrochloric  acid  and  di- 
luting to  1-normal  with  distilled  water. 
Corresponding  solutions  containing  the  qua- 
ternary amine  cations  were  prepared  direct  1\ 
from  the  two  salts,  t  el  ra  met  hylammonium 
chloride  and  tetraethylammonium  bromide. 
The  amines  and  quaternary  ammonium  salts 
were  Eastman  organic  reagents. 

X-ray  diffraction  patterns  were  recorded 
with  a  Genera]    Electric   XRD  'A  diffractom- 


n    iloying  copper  Ka  radiation.     Tl 
patterns    were    obtained    for   specimens    when 
they  were  (1)   wet,  directly  after  the  satura- 
tion   and    washing    treatment;    (2)    air-dried: 
:;     oven-dried    overnight    at     110°    C;    and 
glycerol-treated. 
For     the     glycerol     treat  men!,     an     excess 
amount  of  glycerol  was  applied  to  the  clay 
film:   the  specimen  was  placed  over  a  supply 
Of  glycerol  in  a  sealed  container  and  tempered 
igb.1     at    70°    C.      After    this    tempering 
treatment,   the   specimens   had   substantially 
the  same  basal  spacings  as  those  treated  with 
glycerol   alone,    but   the   tempering   markedly 
improved   the   regularity  of  the  sequence  of 
basal    reflections    and    greatly    increased    the 
intensity   of  t  lie  individual   maxima. 

Results  and  Discussion 

Wet  specimens 

Basal  spacings  of  the  wet  amine-cation 
saturated  specimens  are  listed  in  table  1. 
The  numbers  given  are  averages  calculated 
from  several  higher  orders  of  reflection,  and 
they  occupy  a  restricted  range  of  12.6  to  14.2 
A.  For  most  specimens,  the  x-ray  maxima 
were  surprisingly  sharp  and  well-defined,  and 
they  had  a  very  regular  sequence  of  reflections. 
This  was  in  contrast  to  the  x-ray  maxima  for 
wet  specimens  of  the  same  montmorillonite 
saturated  with  inorganic  cations;  such  speci- 
mens commonly  exhibited  only  diffuse  reflec- 
tions lacking  in  higher  orders.  As  the  basal 
spacing  of  the  montmorillonite  structure 
itself  was  9.4  A.  and  the  thickness  of  a  methyl 
group  {0)  is  about  4  A.,  it  is  clear  from  the 
basal  spacings,  as  shown  in  table  1,  that  no 
more  than  a  monolayer  of  cations  was  present 
bet  ween  adjacent  layers  of  montmorillonite. 

Air-dried  specimens 

Small  reductions  in  the  basal  spacings  of 
about  0.1  A.  were  caused  by  the  air-drying 
of  the  wet  amine-cation  saturated  specimens. 
The  basal  spacing  data,  for  the  air-dried 
specimens  were  not  included  in  table  1  be- 
cause the  effect  of  air-drying  was  so  slight  and 
the  relative  humidity  had  not  been  controlled. 

Table  1. — Basal   spacings  of  wet-  and  oven- 
dry  amine-saturated  montmorillonite 


Cation 

Basal  spacings 

Wet 
spec- 
imens 

Oven- 
dried 
spec- 

■  Mien: 

Dif- 
ference 

A. 

12.6 

12.  94 

12.94 

13.  22 
13.28 

13.  5 
13.4(1 
13.4 
13.  6 

2  14 
14.2 

A. 

1  12.  16 
1  12.  66 

i  12.  52 

i  12.81 

13.15 

1  12.  84 
13.  26 
13.  36 
13.51 

13.  85 
14.17 

.1. 
0.4 

(J.  3 

0.4 
1).  4 
0.1 

0.7 
0.1 
0 
0.  1 

(!) 

0 

Etlivlamine 

]  Mind  hylamine 

Diethylamine 

Di-n-propylamine. .   

TiiiiK'tliylamine- 

Triettaylamine 

Tri-n-propylamine-.  .       .. 

Tri-n-butylamine 

Tetramethylamlne 

Tef  i  act  hylamine 

iTbe  references  Indicated  by  italic  numbers  in  parentheses 
are  lii:  56. 


1  Averages  of  estimates  based  on  higher  orders  of  reflection, 
each  order  of  reflection  having  been  recorded  individually 
immediately  after  a  separate  di  ying  period. 

:  Diffuse  nature  of  x-ray  pattern  of  the  second  and  higher 
orders  precluded  accurate  estimation  of  basal  spacing  and  of 
difference  in  spacing  between  wet-  and  oven-dry  specimens 


Oven-dried  specimens 

The  basal  spacings  for  the  oven-dried  speci- 
mens also  are  given  in  table  1.  In  the  normal 
x-raying  procedure,  an  oven-dried  specimen 
was  removed  from  the  oven,  mounted  di 
rectly  on  the  diffractometer,  and  the  appro-: 
priate  two-theta  range  (2°  to  as  high  as  60°)j 
was  covered  in  a  continuous  scan.  This 
technique  was  satisfactory  for  specimens, 
saturated  with  the  larger  amine  cations;  but 
for  those  with  the  smaller  cations,  rapid  ad- 
sorption of  water  vapor  from  the  atmosphere 
caused  considerable  expansion  of  the  lattice 
to  take  place  while  the  diffraction  patterns 
were  being  recorded.  As  appropriate  acces- 
sory equipment  was  not  available  to  prevent 
this  adsorption  and  expansion  during  the 
x-raying,  a  special  procedure  to  minimize  the 
effect  was  adopted  to  record  the  patterns 
The  diffractometer  was  preset  to  within  one- 
half  a  degree  of  the  expected  position  for  a 
given  maximum,  the  specimen  was  removed 
from  the  oven  and  mounted  immediately  in 
the  diffractometer,  and  the  maximum  was 
recorded.  The  specimen  was  then  returned 
to  the  oven  to  remove  the  small  amount  of 
moisture  that  had  been  adsorbed  during  the 
recording  period,  and  the  procedure  was  re 
peated  to  record  the  next  order  of  reflection 
For  each  recording,  approximately  1J4  minutes 
elapsed  between  the  removal  of  the  specimen 
from  the  oven  and  the  recording  of  the  maxi 
mum;  the  specimen  remained  hot  during  thi: 
period. 

The  basal  spacings  with  this  procedure 
were  estimated  from  four  or  five  individua 
higher  orders  of  reflection,  which  agreed  withii 
0.05  A.  for  most  specimens  and  within  0.10  A 
for  all.  The  regularity  of  spacing  was  com- 
parable to  that  observed  for  specimens  sat 
urated  with  the  larger  cations,  by  use  of  the 
normal  continuous  scan  procedure. 

As  shown  in  table  1,  for  clay  specimen? 
saturated  with  the  smaller  amine  cations  (up 
to  four  carbon  atoms),  the  basal  spacing!- 
were  not  fixed ;  the  spacings  for  the  wet  speci 
mens  were  from  0.3  to  0.7  A.  higher  than  those 
for  oven-dried  specimens.  It  was  clear  that 
despite  the  amine  saturation,  water  pene 
t rated  the  interlayer  spaces  of  specimens  anc 
slightly  expanded  the  lattice.  Butwhenspeci 
mens  were  saturated  with  cations  containing 
six  or  more  carbon  atoms,  the  result  was  vir-l 
tually  fixed  basal  spacings.  The  difference-1 
in  spacings  between  wet  and  oven-dry  speci-l 
mens  were  not  more  than  about  0.1  A.;  these 
differences  are  consistent  in  direction  anc 
probably  are  not  much  greater  than  the  ex  peri 
mental  error. 

Jordan  (3)  has  shown  that  in  the  series  o 
primary     normal     aliphatic     amine     cations 
those  up  to  decylamine  yield  one-layer  com- 
plexes  with   montmorillonite,   although  dode- 
cylamine   and   larger   cations   form   two-layei 
complexes.      Little    information    is    availabli 
in  the  literature  concerning  the  size  of  caiioi 
at  which  a  corresponding  change  takes  placa 
in    the    secondary    or    tertiary    amine    series: 
In  this  study,  one-layer  complexes  were  obj 
served  in  specimens   with  the  largest  of  thtl 
secondary    and    tertiary    amine    cations    em- 
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loyed,  di-n-propylamine  and  tri-n-butyl- 
mine.  Although  no  further  exploration  was 
iade  in  the  secondary  amine  series,  specimens 
iturated  with  the  next  higher  member  of 
he  tertiary  series,  tri-n-amylamine,  were 
xamined  and  the  basal  spacing  of  approxi- 
aately  18  A.  indicated  the  presence  of  a  two- 
iyer  complex. 

Recently,  a  two-layer  complex  of  methyl- 
mine-  or  dimethylamine-saturated  mont- 
lorillonite  was  obtained  by  treatment  of 
Vyoming  bentonite  with  concentrated  solu- 
ions  of  methylamine  and  dimethylamine 
vdrochloride  (.£).  However,  for  these 
mallest  two  cations  only  one-layer  complexes 
rere  formed  when  the  clay  was  treated,  as  in 
his  study,  by  repeated  leaching  of  a  thin  film 
f  clay  with  an  excess  of  1-normal  solution  of 
he  hydrochloride.  The  effect  was  the  same 
whether  the  clay  film  was  x-rayed  while  still 
oaked  with  the  amine  hydrochloride  solution 
rafter  thorough  washing  with  distilled  water. 
'resumably,  therefore,  formation  of  a  two- 
ayer  complex  with  methylamine  or  dimethyl- 
.mine  requires  that  the  clay  be  in  contact  wit  h 
,  solution  more  concentrated  than  1-normal. 

Little  published  information  is  available  on 
>asal  spacings  that  could  be  used  for  compari- 
on  with  the  basal  spacings  observed  in  this 
tudy  for  the  oven-dried  specimens.  Spacings 
;enerally  0.1  to  0.3  A.  less  than  those  recorded 
or  this  study  have  been  cited  (5,  6)  for  a 
nontmorillonite  that  had  been  saturated  with 
nethylamine,  dimethylamine,  trimethylamine, 
etramethylammonium,  and  tetraethylani- 
nonium  cations,  all  of  the  specimens  having 
>een  dried  and  outgassed  under  high  vacuum. 
\.  spacing  of  13.3  A.  was  reported  (7)  for  both 
vet  and  air-dried  specimens  of  a  mont- 
norillonite  saturated  with  triethylamine 
nations,  which  is  comparable  to  the  13.40  A. 
md  13.26  A.  obtained  in  this  study  for  a  wet 
md  an  oven-dried  specimen. 

In  discussing  the  basal  spacings  of  clay- 
irganic  complexes,  it  has  been  customary  to 
jstimate  the  thickness  of  the  organic  layer  by 
;ubtracting  the  theoretical  thickness  of  the 
ilicate  layer  (9.4  A.  for  montmorillonite) 
rom  the  basal  spacing  measured  by  x-ray 
liffraction.  MacEwan  (8)  called  this  estimate 
)f    the    thickness    of    the    organic    layer    the 

A-value."  A-values  calculated  in  this  way 
or  the  several  amine  and  quaternary  ammon- 
um  cations  used  in  this  study  are  presented  in 

able  2.  For  comparison,  also  included  are  the 
eorresponding  minimum  clearance  thicknesses 
or  the  various  cations;  these  were  obtained  by 
iirect  measurement  of  Fisher-Taylor-Hirsch- 
'elder  atom  models.  Each  A-value  is  some- 
what smaller  than  the  minimum  clearance 
thickness  measured  from  the  model;  the 
Apparent  contraction  varied  from  0.2  to  1.1  A. 
Similar  effects  have  been  observed  for  adsorbed 
Drganic  molecules,  as  well  as  for  cations  (9,  10, 
5).  This  apparent  contraction  of  the  organic 
layer  has  been  variously  ascribed  to  hydrogen 
bonding  to  the  silicate  surface,  to  partial  key- 
ing into  the  silicate  layer,  or  simply  to  com- 
pression exerted  by  the  host  montmorillonite 
lattice.  Brindley  and  Hoffman  (11)  have 
reviewed  and  discussed  this  subject  in  con- 
siderable detail. 
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In  the  foregoing  discussion  of  the  basal 
spacing  and  apparent  contraction  data,  it 
has  been  assumed  that  the  adsorbed  ions  were 
oriented  so  as  to  present  their  minimum 
thicknesses  in  the  direction  perpendicular  to 
the  layers.  However,  another  interpretation 
is  likely  for  the  smallest  amines;  that  is,  those 
containing  only  one  or  two  carbon  atoms. 
In  a  recent  paper,  Rowland  and  Weiss  (4) 
have  suggested  that,  when  montmorillonite 
is  treated  with  a  relatively  dilute  solution  of 
methylamine  hydrochloride  or  dimethylamine 
hydrochloride,  the  adsorbed  amine  cations 
may  be  oriented  with  their  long  axis  perpen- 
dicular to  the  silicate  layers,  the  cations  being 
partially  embedded  in  the  holes  of  the  hexag- 
onal oxygen  rings  of  the  silica  sheets.  The 
basal  spacings  observed  in  this  study  for  these 
two  cations,  and  also  for  the  ethylamine 
cation,  are  consistent  with  either  orientation  — 
the  increased  clearance  thickness  required 
for  these  cations  in  their  vertical  orientation 
could  have  been  compensated  for  by  their 
being  partially  embedded  in  the  2.4  A.-deep 
oxygen-ring  cavity.  Evidence  presented  in 
part  II  of  this  article  strongly  supports  the 
latter  interpretation. 

Glycerol- treated  specimens 

Basal  spacings  for  amine-sat united  mont- 
morillonite specimens  treated  with  glycerol 
are  given  in  table  3.  These  spacings  give  no 
indication  of  the  formation  of  two-layer  com- 
plexes, except  for  specimens  saturated  with 
methylamine.  X-ray  diffraction  patterns  of 
specimens  saturated  with  the  methylamine 
cation  and  then  treated  with  glycerol  disclosed 
that  both  one-  and  two-layer  complexes  were 
present  simultaneously.  This  simultaneous 
.occurrence,  of  the  two  types  of  complexes 
may  possibly  have  been  caused  by  the  inhomo- 
geneity  of  the  bentonite  with  respect  to  layer 
charge  density — that  portion  of  the  material 
with  lower  charge  density  tending  to  expand 
more  readily  than  that  with  higher  charge 
density,  thus  admitting  two  molecular  layers 
of  glycerol,  but  the  higher  charge  density 
material  tended  to  admit  only  one  molecular 
layer.  Beavers  and  Larsen  (12)  showed  that 
a  clay  fraction  of  a  Wyoming  bentonite, 
analyzed  electrophoretically  by  schlieren  mov- 
ing boundary  procedures,  behaved  as  though 
materials  of  two  or  more  different  charge 
densities  were  present. 

The  patterns  of  the  glycerol-treated  tri- 
methylamine-saturated  clay,  although-  not 
showing  the  presence  of  a  two-layer  glycerol 
complex,  were  unusual  in  that  they  showed 
two  distinct  series  of  reflections  and  thereby 
indicated  the  simultaneous  presence  of  two, 
different  one-layer  complexes — a  predominant 
one  having  a  basal  spacing  very  close  to  14.0 
A.,  and  another,  representing  only  a  small 
part  of  the  clay,  having  a  spacing  of  about 
13.6  A.  This  variation  also  might  be  ac- 
counted for  by  inhomogeneity  of  the  mont- 
morillonite with  respect  to  layer  charge 
density.  The  x-ray  diffraction  patterns  for 
all  of  the  other  cations  showed  only  a  single 
sequence  of  strong  and  well-ordered  basal 
reflections,  all  for  one-layer  complexes.  The 
basal  spacings  cited  in  table  3  are  averages 


Table  2. — Apparent  contraction  of  the  cation 
layer  in  amine-salnrated  montmorillonite 


Mini- 

mum 

clearance 

Apparent 

Cation 

A-value  ' 

layer 

contrac- 

thickness 

tion 

derived 

from 

model 

-1. 

A. 

A. 

Methylamine 

2.8 

3.7 

0.9 

Ethylamine. . 

3.3 

3,  9 

0.6 

Dimethylamine 

3.1 

3.  9 

0.8 

Dit'lhvlainine 

3.4 

3.9 

0.5 

Di-n-propylamine 

3.7 

3.9 

0.2 

Trimethylamine 

3.4 

4.o 

1.1 

Triethylamine -. 

3.9 

4.7 

0.8 

Tri-n-propylamine-  .. 

4.0 

4.8 

0.8 

Tri-n-but  ylamine 

4.1 

IS 

0.7 

Tetramethylamine.  - . 

4.5 

5.3 

0.8 

Tetraethylamine 

4.8 

5.5 

0.9 

1  Observed  basal  spacing  of  oven-dried  specimen  minus 
9.4  A.,  the  theoretical  thickness  of  the  montmorillonite  layer. 

calculated  from  four  or  five  individual,  higher 
orders  of  reflection.  Agreement  among  the 
basal  spacing  estimates  calculated  from  these 
individual  orders  of  reflection  is  comparable 
to  the  agreement  among  basal  spacing 
estimates  for  oven-dried  specimens.  For  com- 
parison with  the  basal  spacings  of  the 
glycerol-treated  specimens,  the  corresponding 
spacings  for  oven-dried  specimens  also  are 
given  in  table  3.  In  general,  the  basal 
spacings  for  the  giycerol-treated  specimens 
are  higher  and  vary  with  the  size  of  the  cation. 
With  methylamine,  the  smallest  cation,  the 
spacing  of  the  one-layer  complex  produced 
by  the  glycerol  treatment  is  13.6  A.,  which  is 
about  1.4  A.  higher  than  the  spacings  for 
the  oven-dried  specimens.  For  the  other 
cations,  differences  between  the  spacings  of 
the  glycerol-treated  and  the  corresponding 
oven-dried  specimens  decrease  systematically 
with  increasing  size  of  the  cation;  the  differ- 
ence'ranges  from  1.2  A.  for  dimethylamine 
down  to  0.1  A.  or  less  for  specimens  saturated 
with  cations  having  more  than  six  carbon 
atoms.  For  the  tetraethylammonium  cation, 
the  spacing  of  the  glycerol-treated  specimen 
is  actually  lower  than  that  of  the  oven-dried 
specimen,  by  0.1  A. 

Table  3. — Comparison  of  basal  spacings  for 
glycerated  and  oven-dried  specimens  of 
amine-salurated  montmorillonite,  and 
A-values  for  the  glycerated  specimens 


Cation 

Basal  spacings 

A  -value 
for  glyc- 
erated 
speci- 
mens 

Glyc- 
erated 

Oven- 
dried 

Differ- 
ence 

Methylamine 

Ethylamine 

A. 

13.  00 

ami  is 

13.65 

A. 

12.16 

12.66 

A. 

1.44 

and  6 

0.99 

A. 

4.2 

4.2 

Dimethylamine 

Diethylamine 

Di-n-propylamine. 

13.74 
13.  40 
13.40 

12.52 
12.  81 
13.15 

1.22 
0.  59 
0.25 

4.3 
4.0 

4.0 

Trimethylamine.  _. 

Triethylamine  — 
Tri-n-propylamine. 

Tri-n-lmtylaniine.. 

13.99 
and 
13.6 
13.36 
13.47 
13.55 

12.84 

13.  26 

13.36 
13.51 

1.16 
and 
0.8 
0. 10 
0.  11 
0.04 

4.6 

and 
4.2 
4.0 
4.1 
4.1 

Tetramethylamine. 
Tetraethylamine— 

L3.96 

14.05 

13.85 

14.17 

0.  11 
-0. 12 

4.6 
4.6 
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A-valm  glycerol-t  reated  specimens 

als0    ,  :;       These   specimens 

may  be  placed  in  two  groups,  one  whose 
A-val  k  15    V-  and  one  \\  hose  A- 

valui  s  a vi  raged  1.6  A.  MacEwan  (S)  gave 
a  A-valm  ol  8.3  \  for  the  two-layer  glycerol 
complex,  whirl]  corresponds  to  a  thickness 
of  I.I")  A.  for  i  lie  glycerol  molecule.  He  also 
lower  A-value  of  3.8  A.  for  the 
one-layer  glycerol  complex  of  halloysite. 
Previously,  the  authors  (IS)  reported  thai 
a  -layer  glycerol  complex  of  sodium-satu- 
rated montmorillonite  had  been  obtained  by 
heating  the  glycerol-treated  clay.  The  basal 
spacing  was  13.95  A.,  which  corresponds  to 
a  A-value  of  1.55  A.  Thus,  the  A-values 
reported  in  table  3  are  within  the  range  of 
previously    reported    estimates    derived    from 

glycerol  complexes.      Examinati fan  atom 

model  of  the  glycerol  molecule  revealed  thai 
a  large  number  of  possible  conformations  and 
orientations  of  the  molecule  can  yield  A- 
values  within  this  range.  Two  differenl 
oriental  ions  or  conformations  of  the  glycerol 
molecules  arc  suggested  by  the  two  distinct 
groups  of  A-values,  and  also  by  the  two 
separate  sequences  of  basal  reflections  observed 
for  one  of  the  cations  in  each  of  the  two  groups. 
The  orientation  causing  a  A-value  of  about 
1.15  A.  apparently  corresponds  to  the  state 
of  the  glycerol  molecule-  in  the  normal  two- 
layer  glycerol  complex;  and  the  orientation 
causing  the  4.6  A.  A-value  apparently  cor- 
responds to  the  orientation  of  (he  glycerol 
molecules  in  the  one-layer  glycerol  complex 
of  sodium-saturated  montmorillonite. 

The  concept  has  been  established  (5,  6)  t  hat. 
in  montmorillonite  saturated  with  certain 
small  amine  cations,  the  cations  act  as 
"pillars"  holding  the  individual  montmoril- 
lonite layers  apart  to  a  spacing  approximating 
the  thickness  of  the  individual  cation.  The 
pillars  do  not  form  a  close-packed  layer,  and 
the  interlayer  space  remaining  between  them 
is  available  for  sorpl  ion  of  ei1  her  polar  or  non- 
polar  gases.  Also  established  was  the  fact 
that  further  expansion  of  the  basal  spacing  of 
the  amine-sat  urated  montmorillonite  can 
accompany  sorption  of  certain  polar  teases 
whose  molecules  require  greater  clearance 
space  than  that  provided  by  the  amine  cation 
pillar.-. 

The  results  for  the  sorption  of  glycerol  in 
this  study  are  consistent  with  this  pillar  con- 
cept. For  the  smaller  amine  cations,  pene- 
tration of  glycerol  molecules  into  tin'  vacant 


interlayer  spaces  between  the  cation  pillars 
apparently  was  accompanied  by  a  lattice 
expan-ion  to  the  clearance  required  to  accom- 
modate the  glycerol  molecule-  t  helll.-elves. 
A  mixed,  one-layer  complex  of  glycerol 
molecules  and  amine  cations  thus  may  be  said 
to  have  been  present.  But,  for  the  larger 
tertiary  amine  cation-,  interlayer  separation- 
established  in  the  specimens  by  the  cations 
themselves  approached  the  clearance  required 
to  accommodate  glycerol  molecules.  Ad- 
sorption of  a  monolayei  of  glycerol  molecules 
in  the  interpillar  spaces  therefore  would 
require  little,  if  any,  expansion  of  the  lattice. 
As  the  chanties  in  basal  spacingS  for  these 
cations  were  minimal  (table  3),  it  is  clear  that 
not  more  than  such  a  monolayer  of  glycerol 
molecules  could  have  been  adsorbed;  but,  it 
also  is  not  possible  to  decide  unequivocally 
whether  penetration  of  glycerol  into  the  inter- 
pillar spaces  actually  occurred.  A  similar 
uncertainty  also  applies  for  the  quaternary 
ammonium  cations. 

Although  similar  x-ray  data  for  glycerol- 
treated,  triethyl ammonium-saturated  mont- 
morillonite had  been  interpreted  (1J,)  to 
indicate  that  glycerol  molecules  do  not  pene- 
trate between  the  unit  layers,  results  from 
this  study  indicate  that  such  an  interpretation 
is  not  necessarily  correct.  Whether  any  such 
penetration  actually  occurs  is  discussed  more 
fully  in  part  II. 
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Introduction 

[S  MONTMORILLONITE  saturated  with 
certain  short-chain  amine  and  quaternary 
immonium  cations,  it  has  been  shown  (/,  2)1 
hat  the  amine  cations  are  present  largely  as 
in  incomplete  monolayer  between  the  unit 
ayers  of  the  montmorillonite,  and  the  indi- 
idnal  cations  act  as  pillars  in  preventing 
•ollapse  of  the  montmorillonite  lattice  when 
he  clay  is  dried.  Also,  the  space  between 
he  cation  pillars  has  been  demonstrated  to 
be  available  for  the  sorption  of  both  polar 
tnd  nonpolar  gases.  In  an  attempt  to  meas- 
ire  the  extent  of  the  interpillar  areas 
>y  applying  the  Brunauer-Emmett-Teller 
B.E.T.)  equation  to  their  observed  data  for 
lie  sorption  of  gases,  Barrer  and  Reay  (1) 
'ound  that  the  calculated  areas  were  much 
ower  than  had  been  expected  from  the 
•ation  exchange  capacity  of  the  clay  and  the 
size  of  I  lie  cations.  The  principal  reason 
idduced  for  this  discrepancy  was  thai  the 
B.E.T.  gas-sorption  model  seemingly  did  not 
apply  t'i  the  unusual  sorption  conditions 
irevailing  in  the  sterically  restricted  areas 
ictween  the  mont  morilloiiite  unit  layers. 
For  montmorillonite  and  related  substances 
hat  have  been  saturated  with  inorganic 
iations,  the  interlayer  area  can  be  measured 
•oiiveniently  by  liquid-state  sorption  methods; 
polyhydric  alcohols  such  as  glycerol  (••',  ',\  and 
'thylene  glycol  (•*))  have  been  used.  With 
the  glycerol  method,  a  saturated  sample  of 
/lay  is  treated  with  an  aqueous  solution  of 
glycerol  and,  in  a  glycerol-vapor  atmosphere 
maintained  at  slightly  less  than  saturation, 
the  water  and  excess  glycerol  an'  removed 
from  the  clay  at  a  temperature  of  110°  C. 
A  monomolecular  layer  of  glycerol  is  retained 
by  the  clay,  both  on  the  areas  between  the 
unit  layers  and  on  the  exteriors  of  the  par- 
ticles. Completion  of  the  desorption  of  excess 
glycerol  is  signaled  by  the  glycerol-treated 
clay's    attainment    of   constant    weight.      The 


1  Presented  at  the  10th  National  Conference  mi  Clays  and 
Claj    Minerals,  Austin,  Texas,  October  1961. 

-  Tlie  references  indicated  by  italic  numbers  in  parenthe- 
ses a?i'  listed  on  pages  62-63. 
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A  brief  explanation  of  the  basis  for  research  with  a  montmorillonite  clay 
saturated  with  a  series  of  amine  cations  is  included  in  the  editorial  appearing 
with  the  first  artiele.  In  this  Part  II,  the  interlayer  surface  area  of  the  clay  that 
is  covered  by  the  amine  cation?  is  discussed. 

Portions  of  Wyoming  bentonite  tvere  saturated  with  a  series  of  short-chain 
aliphatic  amine  and  quaternary  ammonium  cations  anil  the  amine  content 
remaining  after  washing  was  determined  by  combustion  analysis.  When  the 
clay  tvas  saturated  with  amine  cations  containing  one  or  tun  carbon  atoms,  the 
amine  content  of  the  clay  was  greatly  in  excess  of  its  cation  exchange  capacity. 
This  excess  teas  thought  to  he  either  amine  rations  or  uncharged  amine  molecules 
iti.it  had  heroine  partially  embedded  in  the  oxygen  rings  of  the  silica  sheet  sur- 
faces. It  hen  the  rlay  was  saturated  with  the  larger,  tertiary  amine  rations, 
the  amine  content  of  the  rlay  was  slightly  less  than  its  exchange  capacity,  pre- 
sumably because  of  the  blocking  of  some  exchange  sites  by  steric  in  terferenre. 

Quantitative  determination  of  the  glycerol  retained  as  a  monolayer  in  glycerol- 
treated  specimens  of  the  amine -saturated  clays  showed  that  these  clays  retained 
considerably  less  glycerol  than  the  untreated  bentonite.  The  amounts  of 
retained  glycerol  ivere  employed  to  provide  quantitative  estimates  of  the  inter- 
layer rlay  surface  remaining  unoccupied  between  cation  pillars.  The 
percentage  of  unoccupied  interlayer  surface  of  the  untreated  rlay  ranged  from 
about  75  perrent  for  the  rlay  saturated  with  methylamine  to  essentially  zero  for 
the  clay  saturated  with  the  larger,  tertiary  amine  rations. 

The  validity  of  the  areas  calculated  from  the  glyrerol  retention  data  was 
indirectly  confirmed  by  deriving  estimates  of  the  cross-section  areas  of  the 
several  rations  from  the  reductions  in  the  amount  of  glycerol  retained.  These 
experimentally -derived  cross -section  ration  areas  ivere  in  satisfactory  agreemen  I 
with  the  areas  of  the  rations  projected  from  atom  models. 


weight  increase  over  the  oven-dry  weight  of 
the  clay  represents  the  weight  of  the  mono- 
layer. By  use  of  the  monolayer  weight  and 
the  coverage  area  assigned  to  the  glycerol 
molecule,  the  surface  area  of  the  clay  is 
est  i  mated. 

X-ray  diffraction  results  included  in  part 
1  of  this  article  indicated  that  glycerol 
molecules,  applied  in  the  liquid  state,  also 
can  penetrate  interlayer  spaces  when  mont- 
morillonite is  saturated  with  any  one  of  a 
number  of  short-chain  aliphatic  amine  cations, 
containing  up  to  four  carbon  atonic.  The 
entry  of  glycerol  was  revealed  by  an  expan- 
sion ot  the  basal  spacing  of  the  amine-cation 
saturated  clay,  which  provided  a  separation 
of  not  less  than  about  4  A.  between  the  unit 
layers.  Analogous  restricted  lattice  expan- 
sion caused  by  sorption  of  certain  polar 
molecules  on  amine-treated  montmorillonite 
also  has  been  observed  (/,  6) . 

In  this  study,  the  extent  of  the  interpillar 
area    of    a    montmorillonite   saturated    with    a. 


series  of  short -chain  aliphatic  amine  cations 
was  estimated  by  means  of  the  glycerol  re- 
tention technique.  The  interpillar  area,  the 
total  interlayer  area  of  the  untreated  clay, 
and  the  number  of  amine  cations  present  in 
each  aniine-sat urated  product,  as  determined 
by  analysis,  were  used  to  estimate  the  area 
covered  by  the  individual  cations. 

Summary  and  Conclusions 

Wyoming  bentonite  was  treated  with  solu- 
tions of  the  hydrochlorides  of  a  number  of 
short-chain  aliphatic  amines  and  two  quater- 
nary ammonium  salts  and  washed  with  an 
acetone-water  solution.  Carbon  analyses 
indicated  that  in  most  cases  the  cations 
were  adsorbed  and  retained  against  washing 
in  amounts  consistent  with  the  exchange 
capacity  of  the  claw  However,  for  the  one- 
and  two-carbon  amines,  the  adsorption  was 
greatly  in  excess  of  the  exchange  capacity, 
although  for  the  larger  tertiary  amines  it  was 
less  than  the  exchange  capacity. 
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Glycerol  retention  determinations  indicated 
that  the  surface  available  to  glycerol  is  greatly 
reduced  by  treatment  with  amine  cations,  the 
reduction  being  mosl  pronounced  for  the 
larger  cations.  After  allowing  for  glycerol  re- 
tained on  external  surface's,  the  remaining  glyc- 
erol was  interpreted  as  having  been  retained 
between  i he  cation  pillars  in  the  interlayer 
spaces.  From  the  glycerol  retention  figures, 
estimates  were  made  of  interpillar  area  rang- 
ing from  more  than  400  m.2/g.  for  the  methyl- 
amine-treated  clay  to  essentially  zero  for  the 
clay   treated   with   I  r  i-n-bulylamine. 

Consequently,  the  difference  in  glycerol- 
retaining  capacity  between  untreated  benton- 

ite  and  the  amine-lreated  clay  was  ascribed 
to  the  interlayer  area  physically  occupied  by 
the  amine  cations.  From  the  loss  of  glycerol- 
retaining  capacity,  the  total  area  occupied  l>\ 
the  cations  and  the  average  cross-section  area 
per  cation  were  calculated  for  each  of  the 
several  amines.  These  experimental  cross- 
section  areas  were  shown  to  be  in  good  agree- 
ment with  coverage  areas  obtained  from  atom 
models  of  the  individual  amines.  This  agree- 
ment confirmed  that  the  interlayer  space  not 
occupied  by  amine  cations  may  lie  occupied 
almost  completely  by  glycerol  and,  conse- 
quently, that  the  glycerol  retention  method 
provides  an  acceptable  measure  of  the  area 
between  the  amine  cation  pillars.  The  com- 
pleteness with  which  glycerol  fills  the  inter- 
pillar areas  suggests  that  at  least  the  larger 
cations  possess  some  freedom  of  lateral  ad- 
justment in  the  interlayer  space. 

The  distribution  of  cations  within  the 
monolayers  was  considered  to  be  somewhat 
irregular,  with  the  actual  distances  between 
adjacent  cation  sites  deviating  considerably 
from  the  calculated  average  distance  of  7.7  A. 
Because  of  this  irregularity,  saturation  treat- 
ments with  cations  such  as  tri-n-propylamine, 
which  are  large  enough  to  occupy  all  of  the 
interlayer  surface  of  the  clay  on  the  basis 
of  a  complete  exchange  of  cations,  do  not 
necessarily  accomplish  this  coverage.  On 
the  one  hand,  the  exchange  of  large  cations 
was  not  complete  because  some  of  the  sites 
that  happened  to  lie  closely  spaced  may  have 
been  blocked;  lint  at  the  same  time,  in  regions 
of  widely-separated  sites,  some  of  the  inter- 
layer area  may  still  have  been  unoccupied. 
Upon  glyeeration  a  few  glycerol  molecules 
may  therefore  be  adsorbed  into  the  inter- 
layer space;  the  probability  of  this  presumably 
decreases  with  increasing  layer  charge  of  the 
montmorillonite.  Because  of  this,  satura- 
tion with  triethylamine  cations,  which  had 
previously  been  suggested  as  a  means  of 
preventing  the  penetration  of  glycerol  into 
the  interlayer  spaces,  was  not  completely 
effective  with  Wyoming  bentonite.  Esti- 
mates  of  the  external  surface  of  some  soils 
and  clays  obtained  by  glycerol  retention 
after  such  treatment  thus  may  lie  slightly 
high. 

Methylamine,  ethylamine,  and  dimethyla- 

mine  seemed  to  be  adsorbed  and  retained 
by  the  clay  in  a  manner  somewhat  different 
from  the  other  amine  cations,  apparently 
being  in  perpendicular  rather  than  parallel 
orientation  with  respect  to  the  planar  surface 


of  the  clay.  The  amount  of  methylamine 
adsorbed  and  retained  corresponds  to  the  num- 
of  oxygen  ring  cavities  calculated  to  be 
present  on  the  clay  surface.  It  is  thought 
that  a  full  exchange  complement  of  methyla- 
mine cations  was  partially  embedded  in  those 
cavities  which  are  associated  with  cation 
sites,  and  that  amine  in  excess  of  this  was 
similarly  embedded  in  the  remaining  ones. 
The  adsorption  of  excess  amine  was  not 
accompanied  by  either  the  adsorption  of 
chloride  ions  or  by  an  observable  drop  in  pH. 
Consequently,  although  it  is  clear  that  the 
excess  amine  was  not  adsorbed  as  molecules 
of  amine  salt,  it  is  not  certain  whether  ad- 
sorption was  in  the  form  of  amine  cations  or 
as  free  amine  molecules.  The  adsorption 
of  the  two-carbon  amines  was  somewhat 
less  than  for  methylamine,  corresponding  to 
occupation  of  all  of  the  cavities  associated 
with  cation  sites,  plus  only  about  half  of  the 
remaining  ones.  This  lesser  adsorption  is 
thought  to  have  been  caused  by  the 
physical  difficulty  of  the  two-carbon  amines 
in  becoming  suitably  oriented  for  embedding 
in  the  cavities. 

Preparation  of  Amine- Saturated  Clay 

The  clay  used  in  this  study  was  Volclay 
brand  Wyoming  bentonite  ground  to  pass  the 
200  mesh  sieve;  this  clay  contained  about  85 
percent  montmorillonite  and  the  remaining  15 
percent  was  largely  quartz  and  feldspar.  This 
material  was  used  as  supplied,  without  frac- 
tionation or  other  purification.  The  group  of 
amines  used  included  a  number  of  short- 
chain  primary,  secondary,  and  tertiary  ali- 
phatic amine  cations  and  two  small  quaternary 
ammonium  cations;  these  are  listed  in  table  1. 
The  clay  was  saturated  with  amine  cations  by 
using  1-normal  solutions  of  the  amine  hydro- 
chlorides prepared  by  neutralizing  Eastman 
organic  reagent  amines  with  hydrochloric 
acid  to  a  final  pH  of  about  7.  For  saturation 
with  the  quaternary  ammonium  cations, 
1-normal  solutions  of  tetramethylammonium 
bromide  and  tetraethylammonium  chloride, 
prepared  from  the  corresponding  Eastman 
salts,  were  used. 

For  each  cation  saturation,  50  milliliters 
of  the  amine  salt  solution  (5  times  the  exchange 
capacity)  was  added  to  a  10-gram  portion  of 
the  clay,  and  the  mixture  was  stirred  until  the 
clay  was  thoroughly  wetted.  About  100 
milliliters  of  distilled  water  was  then  added 
and  the  mixture  was  stirred  vigorously  for 
10  minutes  with  a  vibration  mixer.  The 
strongly-flocculated  clay  was  sedimented  by 
centrifugation,  and  the  supernatant  liquid  was 
decanted  and  discarded.  This  treatment  was 
performed  five  times,  after  which  the  clay  was 
washed  five,  times  by  a  similar  process  with 
150-milliliter  portions  of  9:1  acetone-water 
solution.  Tlie  clay  remained  flocculated 
throughout  the  washing  process  and  was 
easily  separated  from  the  wash  liquid.  The 
last  supernatant  liquid  was  tested  with  a 
silver  nitrate  solution  to  assure  its  being  free  of 
chloride  ion.  The  washed  clay  was  dried  at 
room  temperature,  lightly  powdered,  and 
stored. 


Determination  of  Amine  Content 

The  several  amine-saturated  clay  materials 
were  analyzed  for  carbon  content  by  t  h> 
conventional  dry  combustion  method.  Th< 
amine  content  in  milliequivalents  per  gran 
of  clay  (meq./g.)  was  calculated  by  use  o 
the  carbon  content  data  and  the  theoretica 
carbon  content  of  the  individual  amines 
these  data  are  given  in  table  1.  For  com 
parison  with  these  data,  the  cation  exchange 
capacity  of  the  raw  clay  (0.91  meq./g.)  wa: 
determined  by  the  versenate  titration  methoc 
described  by  Jackson  (7).  The  amine  contenl 
of  the  saturated  clay  material  varied  greatly 
t  he  results  fell  into  three  groups,  dependinj 
on  the  size  of  the  amine  used  for  the  satura 
tion:  (1)  The  amine  content  of  the  v\a\ 
saturated  with  the  1-  and  2-earbon  amine 
greatly  exceeded  cation  exchange  capacity  o 
the  clay,  the  content  of  methylamine  being  almos 
three  times  as  great;  (2)  the  amine  conten 
of  clay  saturated  with  amines  containing 
from  3  to  8  carbon  atoms  was  approximated 
equal  to  the  cation  exchange  capacity;  bu 
(.3)  the  amine  content  of  clays  saturated  witl 
amines  containing  9  or  more  carbon  atom 
was  somewhat  less  than  the  cation  exchange 
capacity.  The  anomalously  large  amine  eon 
tent  of  the  clay  preparations  saturated  witl 
the  smaller  amines  will  be  discussed  later  ii 
this  article.  The  deficiency  in  amine  conten 
noted  for  clay  saturated  with  the  larger  amine 
agrees  with  findings  for  other  relatively  larg< 
amines  made  by  Hendricks  (8),  Slabaug' 
and  Kupka  (9),  and  others;  apparently  thi 
deficiency  was  caused  by  a  steric  interferenc 
by  the  large  cations — those  involved  earl; 
in  the  exchange  process  blocking  the  accesj 
of  some  of  the  other  cations  to  the  rem.aininj 
exchange  sites.  Even  after  repeated  treat 
ments  of  the  clay,  some  of  the  original  cation 
apparently  remain;  therefore,  the  amini 
cations  were  present  on  the  clay  in  amount 
that  are  less  than  the  full  exchange  capacitj 
of  the  clay. 

INTERPILLAR   AREA 

Glycerol  Retention  Determinations  I 

Duplicate  glycerol  retention  determination!! 
were  made  for  the  untreated  clay  and  foil 
each  of  the  amine-saturated  and  quaternarjl 
ammonium-saturated  clay  products,  by  usB 
of  essentially  the  same  procedure  reportem 
earlier  (4).  Briefly,  a  1-gram  sample  of  cla;H 
was  treated  with  10  milliliters  of  a  5-percenB 
aqueous  solution  of  glycerol,  the  clay  wa  I 
brought  to  constant  weight  (the  glyceroH 
monolayer  condition)  by  removal  of  wate'S 
and  excess  glycerol,  at  a  temperature  oil 
110°  C,  in  an  atmosphere  slightly  less  thaiH 
saturated  with  glycerol  vapor.  The  different  I 
in  the  initial  and  final  weight  of  the  clarfl 
represented  the  glycerol  retention  or  weighIB 
of  the  glycerol  monolayer.  These  glyceroH 
retention  determinations  are  given  in  table  lH 
To  provide  a  uniform  basis  of  comparison,  tin  j 
data  in  terms  of  milligrams  of  glycerol  retaineflH 
per  gram  of  amine-saturated  clayr  were  conB 
verted  to  the  basis  of  milligrams  per  gran 
of  untreated  clay  by  using  the  carbon  conten 
data  and  the  stoichiometric  compositions  o 
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i  Average  of  duplicate  determinations,  corrected  for  carbon  content  of  untreated  clay.     Analyses  performed  by  L.  I!. 
Hayes,  chemist,  Bureau  of  Public  Roa  Is. 

2  Average  of  duplicate  <Ic1i-ninn.it  mi  is  u  lii<  li  aia  <■<-■!  »  it  bin  1.5  iiil-    ;-. 

'  The  cation  exchange  capacity  of  the  untreated  clay  is  0.91  meq   ■-■ 

*  Average  of  six  determinations  on  a  sample  washed  five  times  with  a  9:1  acetone  water  solution. 

5  Complete  interlayer  sul face  area  of  untreated  clay. 

6  Not  determined;  explanation  given  in  text. 


Table  1. — Characterization  of  amine-saturated  clay 


Saturating  cation 

Cat  l"'ii  con- 
tent, »  based 
on  oven-dry 

weigh1  "1 
amine-satu- 
rated clay 

Amine  con- 

< Hj  cerol  retention 

Calculated 
interpillar 
surface  area 

tent,  based 
mi  oven-dry 
weight  of  un- 
treated  cla3 

Based  on 
oven-dry 
weight  of 
amine-satu- 
rated clay  - 

Based  on 
oven-dry 
weight  of  un- 
treated clay 

Reduction 

from  amount 

<il  nni  reated 

clay 

Pern  ill 

imy. In. 
(«) 

2.  35 
1.  16 

1.34 
.  94 
89 

.92 
.93 
.75 
70 
.64 

.95 
.89 

mgjg. 

m  ii   n 
«  192 

137.  4 
109.2 

126.  S 
75.3 
59.  5 

109.2 
24.  6 
29.  3 

15.7 
(*) 

91.7 
24.9 

Peru  hi 

624 

431 
331 

394 
212 

156 

331 
33 

49 

(•) 

270 
34 

2.  46 
3.22 

2.  97 

4.  16 

5.  56 

3.08 

4.  16 
7.3(1 

8  83 

9  98 

4  26 
7.60 

128.  5 
101.5 

106.4 

71).  6 
54  9 

103.  7 
22.  5 

26.  5 
13  9 

85,  8 
22.4 

29 

44 

34 
61 
69 

43 
87 
S5 
92 

m 

57 
87 

Trimeth  vlamine 

Triethylamine      - 

Tri-n-prop  vlamine     

Tri-n-butylamine    -  - 

Tri-n-amylaminc .  . 

Tetramethylamine 

I  In-  amines.  All  the  resulting  data  show 
that  the  amount  of  glycerol  retained  by  the 
clay  product  had  been  substantially  reduced 
by  the  amine  treatment.  The  reductions 
ranged  from  about  30  percent  to  more  than 
90  percent  of  the  amount  retained  by  the 
untreated  clay;  these  reductions  increased 
generally  with  the  increasing  number  of  sub- 
stituent  alkyl  groups  and  the  length  of  the 
alkyl  chains. 

An  effort  was  made  to  investigate  the  effect 
of  even  larger  cations  on  clay;  but  the  attempt 
to  obtain  similar  glycerol  retention  data  for 
the  two,  next  larger  cations  in  the  tertiary 
series,  tri-n-amylamine  and  tri-n-hexylamine, 
was  unsuccessful.  After  the  saturation  and 
washing,  the  samples  could  not  be  brought 
to  constant  weight  by  oven-drying;  they 
'continued  to  lose  weight  slowly  for  several 
weeks.  This  weight  loss  was  accompanied 
by  the  evolution  of  a  characteristic  amine 
odor,  apparently  caused  by  the  desorption 
of  amine  molecules  that  had  been  adsorbed 
during  the  saturation  treatment  and  not 
removed  by  the  washing.  Because  of  this 
difficulty,  no  further  attempts  were  made  to 
characterize  tri-n-amylamine-  and  tri-n-hex- 
ylamine-treated  montmorillonite  by  the  glyc- 
erol retention  technique. 

External  surface 

As  indicated,  part  of  the  retained  glycerol 
was  considered  to  be  present  in  channels  be- 
tween the  amine  cations  in  the  interlayer 
spaces  and  the  remainder  of  the  glycerol  was 
considered  to  be  a  monolayer  on  the  external 
particle  surfaces  of  the  clay.  Therefore,  in 
estimating  the  extent  of  the  interpillar  area 
from  these  determinations,  it  was  necessary 
to  correct  the  total  retention  for  the  amount 
retained  on  external  surfaces.  In  estimating 
the  external  glycerol,  it  seemed  reasonable 
to  postulate  that  the  external  surface  areas 
of  the  several  amine-saturated  products  were 
not  significantly  different  from  that  of  the 
untreated  clay  or  from  each  other.  The  raw 
clay    was    treated    directly    with    the    amine 


sali  solution  withoul  prior  dispersion,  and 
llocculal  ion  was  maintained  throughoul  the 
saturation  and  washing  1  real  ments.  Although 
mechanical  agitation  was  a  necessary  pari 
of  the  process,  disruption  of  the  primary 
particles  was  considered  insufficient  to  have 
significantly  affected  the  amount  of  the 
external  surfaces.  The  external  surface  area 
of  the  untreated  Wyoming  bentonite  material 
was  '-'7  square  meters  per  grain  (m.2/g.) 
determined  by  the  conventional  B.E.T.  method 
using  nitrogen  sorption.3  An  external  surface 
area  of  27  m.2/g-  for  untreated  and  unfrac- 
lionaled  Wyoming  bentonite,  of  the  same 
grade  and  from  the  same  source  as  that  used 
in  this  study,  also  was  cited  by  Mooney, 
Keenan,  and  Wood  (10).  Therefore,  regard- 
less of  cation  saturation,  the  figure  of  27  m.2/g. 
was  used  as  the  external  surface  area  of  the 
clay  in  all  subsequent  calculations  made 
during  this  study. 

Coverage  area  per  glycerol  molecule 

When  calculating  surface  areas  from  glycerol 
retention  data  it  was  also  necessary,  in  effect, 
to  assign  an  area  of  surface  coverage  to  the 
individual  glycerol  molecules.  The  assign- 
ment of  such  a  coverage  area  for  a  sorbate 
molecule  is  commonly'  considered  to  be  the 
least  certain  step  in  calculating  surface  area 
from  adsorption  data,  whether  by  the  B.E.T. 
or  liquid-state  sorption  methods.  Previously 
(4),  a  coverage  area  of  27  A.2  had  been  assigned 
to  the  glycerol  molecule;  liquid  density  had 
been  assumed  for  the  glycerol  monolayer  and 
a  molecular  thickness  of  4.5  A.,  as  derived  by 
x-ray  diffraction,  had  been  employed.  A 
basal  spacing  leading  to  this  same  thickness 
was  subsequently  obtained  for  a  monolayer 
glycerol  complex  of  montmorillonite  (11).  A 
lesser  monolayer  thickness,  approximately 
4.1  A.,  has  been  observed  (12)  for  glycerol- 
treated  specimens  of  montmorillonite  each 
of  which  had   been   saturated   with   one  of  a 


s  This  determination  was  kindly  performed  by  Dr.  Paul 
Seligmann,  Portland  Cement  Association. 


series  of  small  amine  cations.  This  thickness 
is  the  same  as  the  average  thickness  of  the 
glycerol  molecule  in  a  two-layer  glycerol 
complex  and  was  used  by  Jackson  (IS)  when 
he  computed  a  factor  for  estimating  surface 
areas  from  retention  results  for  both  mono- 
layer and  duolayer  glycerol  complexes.  With 
Jackson's  computed  factor,  a  slightly  larger 
coverage  area  of  29  A.'-  was  calculated  for  the 
glycerol  molecule. 

A  scale  model  of  the  glycerol  molecule  was 
ass  :mbled  from  a  Fisher- Taylor-Hirschfelder 
atom  model  kit.  Measurements  of  clearance 
thickness  and  coverage  area  were  made  for 
various  conformations  of  the  molecule,  the  axis 
of  the  carbon  chain  being  maintained  in  an 
orientation  approximately  parallel  to  the 
assumed  basal  clay  surface.  The  molecular 
coverage  areas  were  measured  by  placing  the 
model  on  a  sheet  of  paper,  drawing  a  smool  hed 
outline,  and  estimating  the  area  of  the  des- 
cribed figure  by  cutting  and  weighing,  \ 
number  of  conformations  having  clearance 
thicknesses  close  to  the  4.1  A.  and  4.5  A., 
obtained  experimentally,  were  examined.  It 
was  noted  that  more  than  one  conformation 
could  lead  to  the  same  thickness,  anil  thai 
each  conformation  could  have  a  coverage  area 
differing  somewhat  from  others  but  with  the 
same  thickness.  Coverage  areas  determined 
with  the  model  generally  were  in  the  range  of 
27  to  31  A.2,  which  indicated  the  reasonable- 
ness of  the  assigned  areas  of  27  and  29  A.2 

Inasmuch  as  a  unique  conformation  could 
not  be  assigned  to  a  given  layer  thickness,  it 
was  impossible  to  select  a  unique  measurement 
of  coverage  area  corresponding  to  each  of  the 
two  thicknesses.  Then-fore,  a  figure  of  27  A.2 
as  the  coverage  area  for  a  glycerol  molecule 
was  employed  in  this  study  for  surface  area 
computations  irrespective  of  i  he  monolayer 
thickness.  Correspondingly,  it  was  calcu- 
lated that  1  milligram  (nig.)  of  glycerol  in  the 
form  of  a  monolayer  occupies  1.76  square 
meters  (m.-)  of  external  surface,  and  3.53  m.-' 
of  surface  area  when  interleaved  between  adja- 
cent montmorillonite  layers.  Similarly,  1  m.-' 
of  external  surface  retains  0.568  mg.  of  gly- 
cerol, and  1  m.2  of  internal  surface  retains 
0.2S4  mg.  of  glycerol. 

Glycerol  Retention  Results  iti  Terms 
of  Interpillar  Area 

The  interpillar  areas  were  determined  by 
use  of  the  glycerol  retention  results  (shown  in 
column  5  of  table  1)  and  the  surface  coverage 
factors  set  forth  in  the  preceding  paragraphs. 
To  determine  these  areas,  15.3  mg.  of  glycerol 
per  gram  of  clay,  corresponding  to  the  external 
surface  (27  m.2/g.  X  0.568  mg./m.2  =  15.3 
mg./g.),  was  subtracted  from  the  glycerol 
determinations  and  the  remainder  multiplied 
by  the  factor  for  glycerol  on  internal  surfaces, 
3.53  mg.  The  results  for  both  untreated  clay 
and  clay  treated  with  each  of  the  saturating 
cations  are  shown  in  the  last  column  of  table  1. 
Because  of  the  natural  impurities  in  the  ben- 
tonite, the  area  of  624  m.2/g.  is  considered 
reasonable  for  the  interlayer  surface  area  of 
the  untreated  clay,  although  it  is  less  than  the 
area    of    from    760   to    800   m.2/g.    commonly 
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ascribed  ontmorillo  N'i 

data  shov  i    area  available 

,,,  gi,  nation  of  amine  cation 

pill-,,  than    thai    of   the 

untreated    clay.     These    areas    are    approxi- 
g.     for     methylamine     and 
Ihylamine  saturated  claj     300  m.2  g.  for 
sa(Ui  ii  li  ethylamine,  trimethylamino, 

a,, d  iin       150  i"  200  m.    g.  for 

diethylainine  and  di-n-propylamine;  and  less 
than  50  m.2/g.  for  the  larger  tertiary  amines 
letraethylamine.  For  day  saturated  with 
tri-n-butylamine,  il  is  apparenl  thai  no 
remaining  interpillar  surface  is  available  to 
glycerol,  the  retention  of  15.7  mg./g.  being 
tially  the  same  a  the  15.3  mg  g 
expected  for  the  external  surface  of  the  clay. 
Some  interlayer  space  apparently  still  was 
available  for  glycerol  sorption  even  when  the 
montmorillonite  had  been  treated  with  such 
relatively  large  cations  as  triethylamine  and 
tetraethylamine,  tor  which  an  e,  sentially  com- 
plete exchange  of  cations  had  been  accom- 
plished; and  wiili  tri-n-proplyamine,  for  which 
the  exchange  had  been  somewhat  less  than  the 
full  exchange  capacity.  But,  with  the  tri-n- 
butylamine,  the  more  limited  amine  cation 
population  apparently  had  occupied  the  inter- 
layer space  to  such  an  t-N t en i  thai  glycerol 
molecules  were  unable  to  enter. 

Interpillar  Coverage 

An  explanation  of  the  interpillar  coverage 
mils!  rest  on  a  realistic  consideration  of  the 
distribution  of  cation  sites  with  respect  to  the 
planar  surface  of  t  he  clay.  Each  cat  ion  in  t  he 
monolayer  of  the  amine-sat  mat ed  clay  is 
bonded  to  one  of  the  two  adjacent  clay 
surfaces  and  occupies  an  area  equal  to  its  own 
■I  — section  on  i  he  surface  to  which  it  is 
bonded  and  al  the  same  time  it  occupies  an 
equal  area  on  the  other  clay  surface  with 
which  it  i-  in  contact.  From  tic  total  surface 
area  of  the  original  clay  and  tin'  cation  ex- 
change capacity  (table  i  i,  the  average  area 
available  per  exchange  site  was  calculated  as 
!'_'()  A.2;  consequently,  half  this  area,  no  A.2, 
is  the  cross-section  area  available  per  site. 
Based  on  two-thirds  of  a  charge  per  unit  cell, 
i he  theoretical  total  and  cross-section  area 
available  for  exchange  per  unit  cell  of  mont- 
morillonite would  le  I  III  A.2  and  70  A.'. 
respectively.  Therefore,  as  a  firsl  approxi- 
mation, (he  cation  positions  may  be  visualized 

a-  distributed  over  the  planar  surface  in  I  lie 
form  of  a  rectangular  net  with  a  unit  mesh 
area  of  60  A.2  iii  which  1  lie  noil's,  representing 
l  he  centers  of  I  he  cation  post  ions,  are  7.7 
\.  apart  . 

Obviously,  for  a  glycerol  molecule  to  enter 
an  incompletely  packed  monolayer,  such  as 
that  described  in  the  preceding  paragraph, 
sufficient  room  must  he  available  between  the 
individual  cations.      Examinat'on  of  an  atom 

model  indicates  that    the  stnallesl    width  of  the 

glycerol  molecule  in  an  interlayer  complex  is 
approximately  •"">  A.  Accordingly,  if  the  cat- 
ion- were  fixed  in  rigid  positions  7.7  A. 
apart,  a  glycerol  molecule  could  enter  between 
I  hem  only  if  the  width  of  t  he  cations  was  less 
than    2.7    A.      As    this    critical    width    is    much 


Icr  than  the  Van  der  Waals  diameter  oi 
a  methyl  group,  saturation  of  the  clay  with 
any  of  the  amine  cations  used  in  this  study 
should  almost  exclude  glycerol  molecules  from 
the  interlayer  spaces.  Hut  data  from  this 
study  indicated  that  with  mosl  of  the  cation- 
used  for  saturation,  substantial  numbers  of 
glj  cerol  molecules  ilid  enter  and  were  retained 
in  the  interlayer  spaces  of  the  saturated  claj 
Thus,  considering  the  distribution  of  cation 
positions  in  the  monolayer  as  being  of  a  fixed, 
geometrically-regular  pattern  is  clearly- 
inadequate. 

If  the  individual  cations  were  considered  lo 
have  a  degree  of  mobility  sufficient  to  permit 
the  entrance  of  some  glycerol  molecules,  the 
process  generallv  would  be  more  in  accord 
wiih  the  experimental  results.  However,  un- 
less the  sum  of  the  diameters  of  the  cation  and 
the  glycerol  molecule  happened  to  be  fortui- 
tously close  to  the  distance  between  cation 
sites,  the  resulting,  mixed  monolayer  would 
still  have  a  considerable  unoccupied  space,  as 
the  lateral  adjust  mint  of  a  cation  lo  widen  a 
channel  sufficiently  to  accommodate  a  glycerol 
molecule  would  correspondingly  constrict  the 
opposite  channel. 

Possibly  a  more  realistic  consideration  of 
the  cation  distribution  is  thai  the  interlayer 
cations  are  located  ill  association  with  the 
Cavities  of  the  oxygen  rings  of  the  silica  sheets. 
Although  the  sources  of  charge  deficiency  in 
1  he  octahedral  or  t  et  rahedral  layers  are  not  cen- 
tered directly  below  these  cavities,  it  lias  been 
demonstrated  that  small  cations  tend  to  enter 
t  he  cavil  ies  when  the  clay  is  dried.  There  are 
two  cavities  for  each  planar  face  of  the  mont- 
morillonite unit  cell,  and  the  total  number 
for  a  montmorillonite  of  a  given  surface  area 
may  readily  be  calculated.  The  cation  ex- 
change capacity  of  the  experimental  mont- 
morillonite suggests  that  slightly  more  than 
one-third  of  these  cavities  may  have  cations 
associated  with  them.  It  may  be  assumed 
that,  although  the  arrangement  of  cavities 
1  heniselves  is  highly  regular  in  the  silica  sheets, 
the  distribution  of  those  that  are  associated 
with  cations  should  be  completely  random. 
Moreover,  because  in  a  packet  of  unit  layers, 
the  stacking  with  respect  to  the  n  and  b  axes 
i>  known  to  he  essentially  random,  the  upper 
and  lower  oxygen  rings  thai  face  on  a  given 
interlayer  space  are  noi  normally  superposed. 
because  of  these  factors,  some  of  the  cation 
sites  must  be  quite  closely  spaced  and  others 
w  idely  separated. 

Accordingly,  for  saturation  with  an  amine 
cation  of  moderate  size, those  cations  occupv  inn 
the  more  closely  spaced  sites  might  themselves 

effectively  fill  the  -pace  between  the  sites, 
although  those  on  the  more  widely  spaced 
sites  might  leave  empty  channels  of  much 
greater  width  than  would  he  expected  on  Hie 
basis  of  a  uniform  spacing  of  the  cations. 
A  continuous  distribution  of  channel  widths 
would  thus  be  expected,  ranging  from  zero 
to  relatively  large  dimensions.  If  the  cations 
were  fixed  in  position,  some  channels  would  be 
loo  narrow  to  accommodate  glycerol  mole- 
cules; however,  if  a  certain  degree  of  mobility 
of  the  cations  is  permitted  to  allow  for  lateral 
readjustment  during  sorption  of  the  glycerol, 


i  he  resulting  mixed,  glycerol-amine  catii 
monolayer  might  be  almost  completely  efficie 
in  occupying  the  interlayer  space.  On  th 
basis,  the  area  occupied  by  the  pillars  may  1 
calculated  as  the  total  interlayer  area  (t>: 
in.'  g.  for  clay  of  this  study)  minus  the  an 
found  to  be  covered  by  glycerol  inolecuh 
Dividing  this  estimate  of  pillar  area  by  tl 
number  of  pillars  present  would  yield  a  figu 
for  the  area  occupied  by  an  individual  pilla 
and  half  of  this  would  represent  the  cros 
section  area  of  the  pillar.  Any  vacant  an 
remaining  in  the  mixed  monolayer  would,  t 
this  basis,  be  erroneously  allocated  to  catic 
occupation  and,  if  the  amount  were  significan 
the  cross-section  areas  determined  expel 
mentally  in  this  study  would  be  too  hig 
Comparison  of  such  experimental  data  wit 
data  obtained  from  atom  models  should  pr 
vide  a  test  of  whether  the  vacant  channel  an 
is  in  fad  negligible,  and  thus  whether  tl 
glycerol  retention  technique  provides 
accurate  measurement  of  interpillar  surfai 
area. 

Calculation 

In  order  to  make  this  calculation  for  a  givi 
amine-treated  clay  it  is  necessary  to  estima 
the  number  of  cation  pillars  that  are  presen 
The  total  number  of  amine  cations  is  read 
calculated  from  the  amine   content,  but  it 
necessary   to   correct   for   the   cations   that   i\ 
present      on     external     surfaces.      Grim     (14 
apparently    citing    Hendricks,     Nelson,    a 
Alexander    (15),    suggested    that    about 
percent    of    the    exchange    capacity    of    inon 
morillonite  is  associated  with  planar  surface 
the  remainder  being  due  to  broken  bond  sit 
on    the    edges  of  the   crystallites.      Howeve 
A.  Weiss  (IV)   more  recently  obtained  exper 
mental  evidence  establishing   that,  for  mic 
veriniculite,      and      montmorillonite,      catii 
exchange   at    near   neutral   pH    values   is   assi 
ciated  exclusively    with    planar    surfaces. 
Weiss'    conclusion    is    adopted,    the    extern; 
portion  of  the  cation  exchange  capacity  ma 
then  lie  estimated  from   the  internal  and  e 
ternal  surface  areas  by  assuming  (1)   that   tl 
distribution  of  the  cation  exchange  sites  is  tl 
same  for  all  planar  surfaces,  whether  intern 
or  external,  and   (2)    that   as  clay   crystals  at 
usually   much  larger  in  (he  a  and  b  direct  io 
than  in  the  c  direction,  most  of  their  extern 
surface  is  of  the  planar  type,  and  the  smt 
proportion  of  exchange  sites  attributed  to  tl 
edges    of   the    crystals    may    be    ignored.      .' 
has  been  indicated,  the  external  surface  of  tl 
clay  used  in  this  study  is  27  m.2/g.,  which 
about  4  percent  of  the  total  surface.     Accon 
ing  to  these  assumptions,  the  external  ami] 
content  would  also  bear  this  same  relationshi 
to  the  total  amine  content  and,  consequent!; 
the  internal  or  interlayer  amine  content  woul 
be   about   96   percent    of   the    total  amount    < 
amine  found. 

The  interlayer  area  considered  to  lie  occi 
pied  by  the  amine  cations  was  calculated  fi 
each  of  the  several  amine-treated  produc-i 
on  the  assumptions  given  in  the  precedin 
paragraph,  and  the  determinations  are  liste 
in  the  second  column  of  table  2.  Also  liste 
in  table  2  are  figures  for  the  total  number  ( 
cat  ions  per  gram  of  clay,  the  estimated  numbt 
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,  if  pillars  (96  percent  of  the  total),  the  amount 
>f  interlayer  area  occupied  per  pillar,  and  the 
sross-section  area  of  the  pillar.     The  experi- 

r|  nental  estimates  of  cross-section  area  ranged 
rom  8  A.2  for  methylamine  to  77  A.2  for  tri- 
i-butylamine  and,  as  expected,  increased 
nore  or  less  regularly  with  increasing  chain 
ength  and  number  of  substituent  alkyl 
groups. 


Comparison  of  Estimates 


!,lr 


To  provide  for  the  proposed  comparison  of 
the  estimates  of  interlayer  area  with  cor- 
responding cross-section  areas  derived  from 
atom  models  of  the  cations,  a  set  of  the  models 
was  assembled  from  the  Fisher-  Taylor- 
Hirschfelder  kit.  These  models  are  designed 
to  reproduce  accurately  the  essential  geometric 
features  of  the  cations  on  a  scale  of  1  centi- 
meter (cm.)  to  1  A.  Outline  tracings  of  the 
coverage  areas  were  made  on  paper,  as  illus- 
trated for  tri-n-propylamine  in  figure  1.  As 
originally  traced,  the  outlines  contained  a 
number  of  bulges  and  indentations,  as  indi- 
cated by  the  dashed  line,  but  it  was  thought 
that  smoothing  and  relaxing  the  outline,  as 
indicated  by  the  solid  line,  would  provide  a 
more  realistic  measurement.     Areas  enclosed 

lil  within  the  outlines  drawn  on  this  basis  wen; 

'i  estimated  by  cutting  and  weighing,  and  are 
listed  in  the  last  column  of  table  2.  Two 
types  of  orientation  were  used  in  positioning 

u  the  models  for  outlining  the  coverage  areas. 

s  For  most  of  the  cations,  the  orientation  giving 

''  the  minimum  height  was  used;  that  is,  with 
•  the  carbon  chain  parallel  to  the  planar  surface 
of  the  clay.  However,  for  the  three  smallest 
cations,  which  were  thought  to  be  partially 
embedded  in  the  oxygen  ring  cavities,  the 
areas  were  outlined  when  the  models  were 
oriented  with  the  long  axis  perpendicular  to 
the  planar  surface.  Outlined  areas  for  the 
three  cations  in  parallel  orientations  were  sub- 
stantially higher  than  those  cited  in  the  table, 
16  A.2  for  methylamine  and  24  A.2  for  di- 
methylamine  and  ethylamine.  Obviously,  for 
these  three  amines  the  experimental  estimates 
of  cross-section  area  were  in  accord  with  those 
outlined  with  a  perpendicular  rather  than  a 
parallel  orientation.     The  matter  of  perpen- 


dicular orientation  for  these  three  cations  is 
discussed  in  greater  detail  later  in  this  article. 
In  general,  there  was  a  very  good  agreement 
between  the  cation  areas  derived  experi- 
mentally and  those  derived  from  the  models, 
the  maximum  deviation  being  only  about  1  ."> 
percent,  except  for  methylamine.  There  was 
no  indication  that  the  experimental  areas  were 
systematically  greater  than  those  from  the 
models,  as  would  be  expected  if  a  substantial 
amount  of  vacant  area  were  mistakenly 
ascribed  to  amine  cation  coverage  because  of 
incomplete  penetration  by  glycerol.  This 
consistently  good  agreement  suggests  that,  for 
saturation  with  each  of  the  amine  cations,  (lie 
amine  cations  and  glycerol  molecules  occupied 
substantially  all  of  the  interlayer  space,  and 
it  substantiates  the  validity  of  the  measure- 
ment of  interpillar  area  by  glycerol  retention. 
The  virtually  complete  filling  of  the  inter- 
pillar space  by  glycerol  also  supports  the 
inference  that,  in  general,  the  amine  cations 
must  have  a  considerable  degree  of  mobility 
about  the  exchange  sites;  otherwise,  they 
could  hardly  have  arrived  at  such  an  efficient 
packing  with  the  glycerol  molecules. 

Effectiveness  of  Triethylamine 

In  a  previous  study  of  the  glycerol  retention 
of  soils  and  clays,  Kinter  and  Diamond  (17) 
used  triethylamine  saturation  as  a  pretreat- 
ment  designed  to  prevent  the  enl  r\  of  glycerol 
into  the  interlayer  spaces.  From  this  study, 
however,  although  a  full  exchange  complement 
of  triethylamine  cations  was  shown  to  have 
been  adsorbed,  the'  entry  of  a  small  amount  of 
glycerol  nevertheless  appeared  to  have  taken 
place.  The  glycerol  retained  after  triethyla- 
mine saturation  thus  was  not  a  strict  measure 
of  the  external  surface  of  this  montmorillonite. 
In  clays  of  a  higher  charge  density,  because  of 
their  larger  number  of  exchange  sites  per  unit 
of  surface  area,  such  widely-separated  sites 
are  less  likely  to  occur  than  in  the  Wyoming 
bentonite.  Therefore,  a  cation  such  as  tri- 
ethylamine might  be  large  enough  to  fill 
completely  the  interlayer  spaces  of  a  clay 
with  a  higher  charge  density.  As,  in  general, 
only  a  very  small  part  of  the  internal  surface 


Table  2. — Experimental  estimates  of  cation  cross- sect  ion  areas,  and  comparison  of  these 
areas  with  areas  measured  from  outline  of  models 


Cation 

.1 

Estimate  of 
interlayer 

clay  surface 

covered  by 

cation 

pillars  ' 

B 

Total  No.  of 
amine  cations 
per  g.  of  clay 

X102» 

C 

No.  of  cations 

assigned  to 

interlayer 

spaces  per?. 

of  clay  Xio-'" 

=BX0.96 

I> 

Interlayer 

clay  sin  face 

covered  per 

cation  pillar 

=  A  +  C 

Experimental 

estimate  of 

cross-sect  ion 

area  per 

eat  ion 

=  n+2 

Coverage 

area  per 

cation  from 

atom  model 

outline 

Methylamine . 

m  :-/a. 
193 
293 

230 
412 
468 

303 
001 
575 
623 

354 
590 

13.  26 

8.78 

8.07 
5.  65 
5.10 

5.52 
5.57 
1.54 

4.  20 

5.79 

5.  36 

12.  73 
•    13 

7.75 
5.42 
4.90 

5.30 
5.  35 
4.30 
4.03 

5.56 
5.15 

.4.2 

15.2 
34.8 

29.  7 

70.0 
95.  5 

57.  2 
112.3 
131   9 
154  6 

63  7 
114.6 

.1.2 

8 
17 

15 
38 

48 

29 
50 
66 

32 
57 

1 

11 
17 

17 
36 
47 

29 
48 
04 
83 

28 
50 

Ethylamine 

Dimethylamlne 

Diellivlamlne .   --     .     . 

Di-n-propvlamine.. 

Trimethylamine. 

Triethylamine  .  __     _   . 

Tri-n-propylamine  . -. 

Tri-n-butvlamine 

Tetramethyl-ammonium 

Tet  methyl-ammonium.      .   _. 

1  Original  interlayer  surface  of  clay  (624  m.2/g.)  minus  interpillar  surface  covered  by  glycerol  molecules 
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Figure  1. — Characteristic  outline  of  tri- 
ll-propylamine  cation  model  is  represented 
by  dashed  line.  The  relaxed,  solid  outline 
teas  used  to  measure  the  cross-section  area 
of  the  cation. 


of  any  montmorillonite  is  likely  to  be  mis- 
takenly classed  as  external  surface  by  this 
procedure,  the  estimation  of  the  amount  of 
internal  surface  present  in  a  given  sample  and, 
consequently,  the  content  of  expanding 
minerals  should  not  be  seriously  in  error. 

Amine  Content  in  Excess  of  Exchange 
Capacity 

The  carbon  analysis  data  showed  that  the 
smallest  amines  were  adsorbed  in  amounts 
well  above  the  cation  exchange  capacity. 
This  was  further  confirmed  by  ignition  loss 
determinations  interpreted  by  the  method  of 
McAfee  (18).  Morel  (1.9),  however,  has 
reported  the  adsorption  of  methylamine  only 
in  amounts  equal  to  or  less  than  the  exchange 
capacity,  as  did  Cowan  and  White  (20)  for 
ethylamine.  Grim,  Allaway,  and  Cuthbert 
(21)  and  Cowan  and  White  (20)  have  reported 
excess  adsorption,  but  only  for  somewhat 
larger  amines  than  the  three  small  amines 
used  in  this  study.  Cowan  and  White  (20) 
considered  that  the  excess  amine  must  be 
present  either  as  molecules  of  the  free  amine 
or  of  the  amine  salt.  Finding  by  analysis 
that  their  amine-treated  clay  did  not  contain 
adsorbed  anions,  they  concluded  that  there 
had  been  no  adsorption  of  amine  salt  molecules 
and  that  the  excess  therefore  was  present  as 
free  amine.  Although  they  did  not  make  pll 
measurements,  they  assumed  that  the  ad- 
sorption of  free  amine  had  caused  a  lowering  of 
the  pH  in  their  clay-amine  salt  solution 
mixture,  as  a  consequence  of  the  production  of 
1 1  CI  according  to  the  reaction: 

RNI1  t  saturated  clay  +  RNII3C1^ 

(RNH  t  saturated  clay)  (RNIF)  +  11C1 

Grim  and  coworkers  (21)  found  that  sorption 
of  excess  amounts  of  dodecylamine  from  a 
dodecylamine  acetate  solution  was  accom- 
panied by  a  drop  in  pll  from  7  to  5.6.  In  this 
study,  pll  measurements  were  made  on  the 
mixture  of  dry  clay  and  I -normal  methylamine 
hydrochloride  solution,  but  the  initial  pll  of  7 
remained  essentially  unchanged. 
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To  determine  whether  the  amine  content  of 
the  methylamine-treated  clay,  prepared  and 
washed  as  previously  described,  was  merely 
an  intern  age  in  the  process  of  removal 

of  excess  amine  by  hydrolysis,  a  newly- 
prepared  methylamine-treated  clay  was  sub- 
jected I.,  successive  centrifuge  washing  treat- 
ments with  the  acetone-water  wash  solution, 
and  a  portion  of  the  clay  was  removed  at 
each  stage  and  analyzed  by  ignition  for  met  hyl- 
amine  content.  The  results  indicated  that  (1) 
;;.u  milliequivalents  of  amine  per  gram  of  clay 
were  present  on  the  treated  product  prior  to 
washing;  (2)  after  a  single  washing,  the  amine 
content  had  dropped  to  2.1  milliequivalents 
per  gram;  and  (2)  as  many  as  nine  additional 
centrifuge  washing  treatments  had  not  caused 
any  further  significant  removal  of  the  amine. 
Therefore,  the  amine  obviously  does  not 
undergo  significant  hydrolysis  on  repealed 
washing;  and  thus,  the  washed  sample  whose 
carbon  analysis  is  reported  in  table  1  must 
have  been  at  equilibrium  with  respect  to  the 
amount  of  amine  present.  An  x-ray  spectro- 
metric  analysis  of  the  same  material  indicated 
that  if  was  essent  tally  chloride-free.  To  check 
the  possibility  that  chloride  might  initially 
have  been  adsorbed  during  the  treatment  and 
subsequently  removed  by  the  washing,  the 
methylamine  hydrochloride  treatment  and 
washing  sequences  were  repeated  on  a  fresh 
portion  of  the  clay  and  the  supernatant  solu- 
tions analyzed  for  chloride.  There  was  no 
indication  of  any  adsorption  of  chloride  by  the 
clay  at  any  stage. 

Nature  of  adsorned  amine 

In  attempting  to  ascertain  the  nature  of  the 
excess  adsorbed  amine,  it  seemed  reasonable 
to  assume  (1)  that  a  complete  exchange  com- 
plement of  amine  cations  was  present  in  the 
methylamine-treated  clay  and  (2)  that  amine 
in  excess  of  this  exchange  complement  could  be 
present  in  one  or  more  of  three  forms: 
additional  amine  cations,  free  amine  or 
hydrated  amine  molecules,  or  un-dissociated 
molecules  of  the  amine  salt.  For  the  excess  to 
be  present  as  amine  cations  would  require 
that  either  an  equal  number  of  anions  (chloride 
or  hydroxyl)  also  be  adsorbed  to  preserve  the 
electrical  neutrality  of  the  solution  or  that 
the  neutrality  be  preserved  by  a  rather  unlikely 
partial  decomposition  of  the  clay.  As  the 
analysis  showed  no  adsorption  of  chloride, 
the  excess  definitely  was  not  in  the  form  of 
amine  salt.  Furthermore,  because  the  pi  I 
was  not  lowered  as  would  have  occurred  if 
hydroxyl  ions  had  been  adsorbed,  it  does  not 
seem  likely  that  the  excess  could  have  been 
in  the  form  of  cations.  The  remaining  possi- 
bility— that  the  excess  was  free  amine  or 
hydrated  amine  molecules — also  was  not  sup- 
ported by  the  experimental  data.  If  the 
excess  adsorbed  amine  had  been  in  the  form 
either  of  free  amine  or  of  hydrated  amine 
molecules,  the  reaction  suggested  by  Cowan 
and  White  (20)  would  have  applied,  and  a 
marked  lowering  of  pll  should  have  been 
observed.  The  specific  form  of  the  excess 
amine  therefore  remains  in  doubt. 

Although  the  adsorption  of  large  amounts 
of  long-chain  amines  and   quaternary  ammo- 


nium compounds  on  montinorillonite  com- 
monly has  been  attributed  to  Van  der  Waals 
bonding,  it  would  not  be  expected  that  the 
very  small  amines  could  be  held  by  such 
bonding  against  repeated  washing  of  the  clay 
or  drying  at  110°  C.  It  would  seem,  there- 
fore, that  the  retention  of  these  small  amines 
must  involve  an  additional  mechanism.  One 
possible  mechanism,  as  suggested  by  A.  Weiss 
(16)  is  that  free  ammonia  or  small  amine 
molecules  could  bond  to  montmorillonite  by 
replacing  water  molecules  in  octahedral  coor- 
dination around  aluminum  atoms  exposed  at 
the  edges  of  the  clay  crystallites.  Weiss  de- 
termined experimentally  that  approximately 
0.2  to  0.3  milliequivalent  of  ammonia  per 
gram  of  montmorillonite  can  be  held  in  this 
way.  His  mechanism  thus  does  not  account 
for  the  determination  in  this  study  of  ap- 
proximately 1.4  milliequivalents  of  excess 
methylamine. 

An  explanation  more  in  accord  with  the 
experimental  data  of  this  study  is  that  the 
adsorbed  amine  material,  consisting  of  both 
the  complement  of  cations  equivalent  to  the 
exchange  capacity  and  the  excess  amine, 
might  have  been  partially  embedded  in  the 
oxygen  ring  cavities  of  the  clay  surface.  It 
is  thought  that  such  embedding  may  have 
accounted  for  the  ability  of  the  clay  to  retain 
the  excess  amine  against  the  subsequent 
washing  and  drying  treatments.  The  embed- 
ding would  involve  orientation  of  the  amine 
more  or  less  perpendicularly  to  the  clay  surface. 
This  embedding  and  perpendicular  orientation 
is  in  accord  with  the  results  (22)  obtained 
from  oscillating-heating  x-ray  diffraction  ex- 
periments; in  these  experiments  the  methyl- 
amine and  dimethylamine  cations  adsorbed 
by  montmorillonite  from  solutions  of  moderate 
concentration  were  so  located  and  oriented. 
For  the  methylamine,  this  orientation  pre- 
sumably would  have  either  the  amine  group 
or  the  methyl  group  partially  embedded  in 
t  he  cavity,  with  the  remaining  group  located 
directly  above,  and  the  long  axis  of  the  amine 
would  thus  be  perpendicular  to  the  clay  sur- 
face. A  similar  arrangement  may  be  visu- 
alized for  ethylamine  except  that,  as  the 
carbon-carbon  bond  of  the  ethyl  group  must 
maintain  an  approximately  110°  angle  with 
the  carbon-nitrogen  bond,  the  terminal  group 
of  the  ethylamine  must  be  offset  from  the 
perpendicular  axis.  For  dimethylamine,  as 
the  amine  group  is  in  the  middle  of  the  mole- 
cule, one  of  the  terminal  methyl  groups  must 
be  embedded  in  the  cavity,  the  amine  group 
must  be  located  directly  above,  and  the  other 
methyl  group  must  be  offset  to  maintain  the 
required  bond  angle. 

As  previously  noted,  the  experimental  cross- 
section  areas  given  in  table  2  strongly  support 
this  perpendicular  orientation  for  these  three 
amines.  Also,  as  indicated  in  part  I,  x-ray  dif- 
fraction measurements  of  the  separation  be- 
tween the  clay  layers  in  montmorillonite 
saturated  with  these  three  amines  were  con- 
sistent with  perpendicular  orientation  and 
embedding.  Although  the  long  dimensions 
of  the  amines  as  measured  from  models  were 
from  1.6  to  2.3  A.  greater  than  the  observed 
distances  between  the  clay  layers,  the  2.4-A. 


depth    of    the    cavities    (23)    is    sufficient    to 
permit  this  perpendicular  orientation. 

The  specific  amount  of  methylamine 
adsorbed  also  suggested  an  association  of  the 
amine  with  the  cavities.  From  the  widely- 
accepted  Hofmann-Endell-Wilm  structure,  it 
may  be  calculated  that  there  are  approxi- 
mately 1.6X1021  cavities  per  gram  of  pure 
montmorillonite.  The  analysis  given  in  table 
2  for  the  methylamine-saturated  bentonite 
indicates  that  the  amine  content  was  equiva- 
lent to  approximately  1.3  X1021  methylamine 
cations  per  gram  of  clay.  The  bentonite 
used  was  not  fractionated  or  otherwise  puri- 
fied; from  the  observed  interlayer  surface  of 
624  m.2/g.  as  compared  to  the  theoretical 
760  m.2/g.  for  pure  montmorillonite,  the 
bentonite  was  estimated  to  contain  about  82 
percent  of  montmorillonite.  Accordingly,  the 
expected  number  of  cavities  per  gram  of  the 
bentonite  would  be  about  1.3X1021,  which 
is  in  agreement  with  the  amount  of  amine 
indicated  to  be  present  by  the  carbon  analysis. 
It  is  noted,  however,  that  for  dimethylamine 
and  ethylamine  the  estimates  of  the  total 
number  of  amine  cations  per  gram  of  clay, 
0.81  X1021  and  0.88X102;,  were  considerably 
less  than  this.  According  to  this  interpreta- 
tion, the  cavities  associated  with  exchange 
sites  would  have  been  fully  occupied  by 
amine  cations,  and  the  excess  amine  would 
have  been  sufficient  to  occupy  only  slightly 
more  than  half  of  the  remaining  cavities. 
In  view  of  the  restricted  layer  separations 
indicated  by  x-ray  diffraction,  even  for  wet 
amine-treated  clay,  the  failure  of  the  two- 
carbon  amines  to  occupy  all  of  the  available 
cavities  may  have  been  due  to  the  purely 
physical  difficulty  of  becoming  oriented  so  as 
to  be  able  to  enter  the  cavities. 
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A  16-inm.  color  film  on  the  AASHO  Road 
Test  has  been  released  by  the  Bureau  of 
Public  Roads.  The  27-minute  film,  entitled 
Materials  and  Construction,  describes  the 
engineering  characteristics  of  materials,  the 
construction  methods,  and  the  quality  control 
measures  employed  in  building  the  facilities 
for  the  Ottawa,  111.,  research  project. 

The  AASHO  Road  Test  comprised  a  huge 
outdoor  research  laboratory  provided  to  study 
the  behavior  of  pavements  of  varied  composi- 
tion and  thickness  and  bridges  of  varied 
design  under  the  application  of  controlled 
weights  and  frequencies  of  traffic.  Extensive 
efforts  were  made  to  construct  highly  uniform 
facilities  for  the  Road  Test  in  order  to  relate 
performance  of  the  pavements  directly  to 
design  and  loading.     The  film  illustrates  the 


Materials  and  Construction 
AASHO  Road  Test  Film 

several  unusual  construction  methods  em- 
ployed and  includes  numerous  animated 
graphs  and  charts  showing  materials'  char- 
acteristics and  the  results  of  quality  control 
testing. 

The  film  was  produced  by  Public  Roads  in 
cooperation  with  the  Highway  Research  Board, 
which  administered  and  directed  the  project  for 
the  sponsor,  the  American  Association  of  State 
Highway  Officials.  The  project  was  financed 
by  the  States,  Public  Roads,  and  industry 
with  the  cooperation  of  the  Department  of 
Defense.  Public  Roads  photographers  made 
a  complete  motion  picture  and  still  photo 
record  of  the  Road  Test  from  the  beginning 
of  construction  in  1956  until  the  end  of  post- 
traffic  testing  in  1961.  The  present  film  covers 
the  1956-1958  period. 


A  second  film,  Pavement  Research,  is  in 
production.  This  film  will  describe  the  tests 
made  on  the  rigid  and  flexible-type  pavement  s, 
the  rationale  for  analysis  of  data,  and  the 
principal  test  results.  Finished  prints  of  this 
second  film  will  be  available  early  in  the  fall. 

Prints  of  the  film  on  Materials  and  Con- 
struction are  available  on  a  loan  basis  from 
the  Bureau  of  Public  Roads,  Photographic 
Seel  i,„i,  1717  H  Street  NW.,  Washington  25, 
D.C.  These  prints  may  be  borrowed  by  any 
responsible  organization.  There  is  no  charge 
other  than  for  express  or  postage  fees. 
Requests  should  be  submitted  well  in  advance 
of  the  desired  showing  date,  and  alternate 
dates  should  be  indicated,  if  possible. 
Immediate  return  is  required.  Inquiries 
about  purchase  of  the  film  should  be  addressed 
to  the  Public  Roads  Photographic  Section. 
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This  article  presents  the  results  of  lite 
continuation  of  tests  made  by  the  Bureau 
of  Public  Roads  as  part  of  its  investiga- 
tion of  materials  and  procedures  for 
protecting  concrete  pavements  against 
the  scaling  and  disintegration  caused  by 
the  use  of  calcium  chloride  as  a  thawing 
agent  for  ice  removal.  Data  are  presented 
on  the  continuation  of  outdoor  tests  in 
which  concrete  slabs  ilia  I  preciously  had 
been  exposal  for  two  tcinlers.  51  cycles  of 

freezing  ami  thawing,  were  continued  for 

three  additional  winters  through  154 
cycles  of  freezing  and  thawing.  For 
convenience,  data  reported  in  precious 
articles  on  I  hi'  results  of  the  first  two 
tcinlers  of  testing  hare  been  repeated  in 
tables  included  in   this  article. 

Data  are  also  presen  ted  from  an  in  vesti- 
gation  made  of  the  effect  that  protective 
coatings  or  admixtures  might  have  on  the 
control  or  prevention  of  scaling  of  the 
concrete  caused  by  de-icing  agents. 


Introduction 

AN  ARTICLE  on  resistance  of  portland 
L  cement  concrete  to  surface  scaling  by  a  de- 
icing  agent  (I)2  appeared  in  a  previous  issue 
of  this  magazine,  in  which  the  results  were 
reported  on  tests  of  small  concrete  slabs 
subjected  £o  outdoor  weathering.  At  the 
time  of  the  previous  article,  the  specimens 
had  been  exposed  for  two  winters  and  sub- 
jected to  51  cycles  of  freezing  followed  by 
i  haw  inn  b\  calcium  chloride.  Subsequently, 
exposure  of  some  of  the  specimens  was  con- 
tinued for  three  more  winters;  the  slabs  were 
subjected  to  a  total  of  154  cycles  of  freezing 
and  thawing  before  the  tests  were  discontin- 
ued. As  the  study  continued,  additional 
tests     were     made     on     similar     specimen-     to 

study:  (1)  the  effect  of  various  protective 
coatings  on  the  top  surface  of  the  concrete,  and 
(2)  the  effect  of  admixtures  in  the  concrete 
for  the  control  or  prevention  of  scaling, 


i  Presented  at  the  list  annua!  meeting  of  the  tTighwaj 
Research  Board,  Washington,  D.C.,  January  1962. 

References  indicated  by  italic  numbers  in  parentheses 
are  listed  on  page  ".'). 


Conclusions 

Effect  of  air-entraining  admixtures. — All 
of  the  air-entraining  admixtures  used  were 
effective  to  different  degrees  in  delaying  the 
start  of  significant  sealing.  The  salts  of 
proteinaceous  materials,  and  some  of  the 
synthetic  detergents  and  some  of  the  salts 
of  wood  resin,  were  less  effective  than  the 
other  air-entraining  agents. 

Effect  of  type  of  base. — The  scaling  of  con- 
crete was  less  pronounced  when  the  concrete 
was  cast  in  a  mold  with  a  sand  base  than  when 
cast  in  a  mold  with  a  watertight  metal  base. 
No  significant  scaling  was  shown  by  air- 
entrained  concrete  cast  on  a  sand  base  if  the 
air  content  was  more  than  3  percent.  .Signif- 
icant scaling  was  found  on  some  air-entrained 
concrete  cast  on  metal  bases  with  air  contents 
as  high  as  7.4  percent.  For  concrete  contain- 
ing 7.5  percent  or  more  of  air,  no  significant 
scaling  developed  regardless  of  type  of  base 
of  mold.  These  findings  are  interpreted  lo 
mean  (hat,  if  concrete  containing  the  usual 
specified  amount  of  air  (3  to  6  percent)  is 
placed  on  a  waterproof  base,  scaling  may 
develop  if  de-icing  chemicals  are  used. 

Effect,  of  portland  cement. — Concrete  pre- 
pared with  a  low-alkali  portland  cement  was 
more  resistant  to  scaling  than  concrete  pre- 
pared with  a  high-alkali  cement. 

Effect  of  slag  cement. — No  appreciable 
difference  was  found  regarding  resistance  to 
scaling  of  concrete  prepared  with  portland 
cement  or  portland  blast-furnace  slag  cement 
from  the  same  mill. 

Effect  of  fly  ash. — Concrete  prepared  with 
51,  bags  of  portland  cement  and  I '£  bags  of 
low-carbon  fly  ash  per  cubic  yard  was  equal 
in  resistance  to  scaling  to  the  concrete  con- 
taining (i  bags  of  cement  and  no  fly  ash;  and 
it  was  superior  to  concrete  containing  4  bags 
of  cement  and  2  bags  of  fly  ash.  Ply  ash  of  a 
high  carbon  content  generally  was  inferior  lo 
low-carbon  fly  ash  for  use  in  concrete. 

Effect  of  type  of  curing.     Concrete  given  no 

moist  curing  other  than  storage  in  room  air 
at  50  percent  relative  humidity  had  better 
resistance  to  scaling  than  concrete  given  moist 
curing   for  3  to  28  days.      Membrane   curing 


gave  some  protection  against  attack  by  cal    i 
cium   chloride  as  long   as  the  film  remained  I 
unbroken.     Other   types   of   curing  materials 
applied   shortly   after   the   concrete   was   cast 
were  of  some  benefit  in  delaying  the  develop- 
ment of  scaling. 

Effect  of  vacuum  treatment. — Concrete  sub- 
jected to  a  vacuum  treatment  on  the  exposed 
surface  was  more  resistant  to  scaling  than 
similar  but  untreated  concrete. 

Effect  of  surface  treatments. — Protective  sur-  I 
face  treatments,  usually  applied  14  to  28  days  1 
after  the  concrete  was  cast,  in  general  delayed 
but    did    not    prevent    the    development    of  J 
scaling. 

Effect  of  silicon*  admixture. — An  aqueous 
silicone  solution  used  in  proper  amount  as  an 
admixture  for  concrete  was  effective  in  pre-, 
venting  scaling.  The  silicone  admixture  alsQ 
increased  the  compressive  strength  of  the  con- 
crete  and  caused  a  marked  retardation  of  the 
set t ing  time. 

Effect  of  latex  emulsion  admixture. — An  emul- 
sion of  polystyrene  latex  used  as  an  admixture! 
for  concrete  was  effective  in  preventing  scaling  , 
but   the    concrete   so   prepared    contained    10  ] 
percent  or  more  of  air. 

De-icing    agents. — Of    the    several    de-icing  J 
agents  tested,  calcium  chloride  was  found  tol 
be  the  most  effective  and  to  cause  less  scaling 
of  concrete. 

Preventive  measures. — In  addition  to  t  h< 
materials  or  treatments  mentioned  favorablj 
in  preceding  paragraphs,  scaling  of  concrett 
can  be  prevented  or  reduced  by  the  elimina- 
1  ion  of  waterproof  coatings  or  sheetings  on  t  hi 
subgrade,  by  the  reduction  of  the  water- 
cement  ratio,  and  by  permitting  the  concrett 
to  dry  before  it  is  first  frozen.  For  concrete 
placed  shortly  before  freezing  is  anticipated, 
wet  curing  of  the  concrete  should  be  minimized. 

Description  of  Tests 

A  general  description  of  the  outdoor  expo- 
sure test  is,  as  follows: 

•   The  slabs  were    l(i  by  24  by  4  inches  in 
depth  with  a  raised  edge  or  dam  around  theil 
perimeter  of  the  top  surface.     Except  wherelj 
noted,  the  slabs  were  cast  in  watertight,  molds- 
with  metal  bases.     The  top  surface  of   each 
was  given  a  light  broomed  finish  about  2}->  to  3 
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Figure  1. — Exposure  area. 


ours  after  molding  and  just  prior  to  the 
pplication  of  the  initial  curing,  if  such  was 
pplied.  Except  when  other  met  hods  of  initial 
uring  are  noted,  the  slabs  were  covered  with 
-et  burlap  for  24  hours  and  were  moist  cured 
)r  2  or  more  days.  The  slabs  were  placed 
l  the  outdoor  exposure  area  usually  at  an 
ge  of  28  or  more  days.  Sometimes  freezing 
nd  thawing  was  started  immediately  after 
xposure  and  sometimes  it  was  started  as 
tuch  as  6  months  later. 

1  The  materials  used  were  type  I  or  IS 
ements,  siliceous  sands  having  a  fineness 
lodulus  of  2.70  to  2.90,  and  a  crushed  lime- 
tone  of  I  inch  maximum  size.  The  concrete 
ras  mixed  and  the  slabs  cast  in  accordance 
trith  standard  laboratory  procedures.  The 
lump  was  3  inches,  plus  or  minus  one-half  inch, 
,nd,  except  where  noted,  the  cement  content 
vas  6  bags  per  cubic  yard.  Both  air-entrained 
nd  non-air-entrained  concretes  were  included 
d  these  tests.  The  air  content  for  air- 
ntrained  concrete  was  usually  5)4  percent, 
)lus  or  minus  1  percent. 

•  During  cold  weather  when  freezing  was 
xpectcd,  the  top  surface  of  each  slab  was 
overed  with  one-fourth  to  one-half  of  an  inch 
)f  water.  The  next  morning  after  the  water 
lad  frozen,  commercial  calcium  chloride  flakes 
vere  applied  uniformly  at  a  rate  of  2.4  pounds 
>er  square  yard  of  surface.  After  the  ice  had 
nelted,  usually  about  3  or  4  hours  later,  the 
urface  of  the  slabs  was  flushed  with  water 
rom  a  hose  to  remove  the  chloride  solution 
md  to  leave  fresh  water  for  the  next  freezing. 

)nly  one  cycle  of  freezing  and  thawing  was 
mtained  each  day.  A  view  of  the  exposure 
irea  is  shown  in  figure  1. 

•  The  slabs  were  examined  at  intervals  and 
rated  for  surface  scaling.  The  ratings  were 
based  on  visual  observations  of  the  extent  and 
:lepth  of  the  scaling.     The  slabs  were  washed 

:  thoroughly  and  loose  mortar  removed  from 
the  surface  prior  to  rating.  A  general  de- 
scription of  the  numerical  ratings  is  as  follows: 


0 — no  scale. 

1 — scattered  spots  of  very  light 
scale. 

2 — scattered  spots  of  light  scale 
with  mortar  surface  above  coarse 
aggregate  removed. 

3 — light  scale  over  about  one-half 
of  the  surface. 

4 — light  scale  over  most  of  the 
surface. 

5 — light  scale  over  most  of  the  sur- 
face, with  a  few  moderately  deep 
spots,  where  the  mortar  surface  was 
below  the  upper  surface  of  the  coarse 
aggregate. 

6 — scattered  spots  of  moderately 
deep  scale. 

7 — moderately  deep  scale  over 
one-half  of  the  surface. 

8 — moderately  deep  scaling  over 
entire  surface. 

9 — scattered  spots  of  deep  scale 
with  the  mortar  surface  well  below 
the  upper  surface  of  the  coarse  aggre- 
gate; otherwise  moderately  deep 
scaling. 

10 — deep  scale  over  entire  surface. 

A  rating  of  5  or  more  would  indicate  signifi- 
cant or  major  scaling.  The  ratings  given 
thi'  slabs  were  based  on  the  judgment  of 
different  observers  at  the  various  times  that 
the  observations  were  made,  which  accounts 
for  occasional  slight  reversals.  Typical 
examples  of  slabs  with  ratings  of  2,  5,  7,  and 
10  are  shown  in  figure  2. 

RESULTS  OF  CONTINUATION  OF 
PREVIOUSLY  REPORTED  TESTS 

The  outdoor  exposure  rests  that  were 
previously  reported  (/)  through  51  cycles  of 
freezing,  followed  by  thawing  with  calcium 
chloride,  were  continued  through  154  cycles. 
The  results  of  these  tests  are  given  in  tables  1 
to  5  inclusive  and  continue  the  presentation  of 


data  reported  in  tables  16,  17,  19,  20,  and  21 
of  the  previous  article.  In  addition,  ratings 
are  given  here  for  79,  131,  and  154  cycles. 
At  the  end  of  each  winter,  many  of  the  speci- 
mens that  showed  significant  scaling,  con- 
sidered to  be  a.  rating  of  5  or  more,  were  dis- 
carded to  make  room  for  additional  specimens. 

Air- Entraining  Admixtures 

The  effects  of  air-entraining  admixtures  on 
the  resistance  of  concrete  to  scaling  are  shown 
in  tables  1  and  2.  All  of  the  non-air-en- 
l  rained  slabs  had  severe  scaling  al  17  cycles 
and  were  given  ;i  rating  of  10  (deep  scaling 
over  entire  surface)  by  39  cycles.  With  some 
exceptions,  the  slabs  with  the  air-entraining 
admixtures  had  excellent-  resistance  to  the 
action  of  calcium  chloride.  Poor  resistance 
to  scaling  was  shown  by  the  slabs  cast  on 
metal  bases  that  had  been  prepared  with  the 
admixtures  classified  as  salts  of  proteinaceous 
materials,  some  of  those  classified  as  salts 
of  wood  resin,  and  some  classified  as  synthetic 
detergents.  No  tests  were  made  to  determine 
the  relative  size  and  number  of  entrained  ait- 
voids  caused  by  the  various  types  of  air- 
entraining  admixtures.  Large  voids  might 
explain  the  poor  resistance  that  was  shown 
by  some  of  these  concretes. 

Table  1  gives  the  results  for  slabs  cast  on 
metal  bases,  and  table  2  gives  the  results  for 
slabs  cast  on  sand  bases.  A  comparison  of 
the  data  given  in  tables  1  and  2  shows  that, 
generally,  the  action  of  calcium  chloride  was 
less  severe  on  air-entrained  concrete  cast  on 
sand    bases    than    on    similar    concrete    cas! 


RATING 
2 


RATING 
5 


RATING 
7 


RATING 
10 


Figure  2. — Examples  of  typical  ratings  used 
to  evaluate  surface  scaling  of  specimens 
subjected  to  outdoor  freezing  and  limit- 
ing by  calcium  chloride. 
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on  watertight  metal  liases.  Sixteen  of  the 
55  slabs  cat  ■  on  u  metal  base  had  significant 
scaling.  Only  one  of  the  16  slabs  cast  on  a 
sand  base  had  similar  scaling,  but  the  con- 
crete of  this  slab  contained  only  2(>  percent 
of  air. 

Half  of  the  specimens,  as  shown  in  tables 
]  and  2.  were  prepared  with  cement  A.  and 
the  other  half  were  prepared  with  cement  B. 
\  comparison  of  the  results  indicates  thai 
til.-  air-entrained  slabs  with  cement.  B  in 
general  were  mil  as  severely  attacked  as 
those  containing  cement  A.  Nearly  the 
same    number   of   slabs    prepared    with   each 


cement  showed  significant  scaling.  Of  the 
air-entrained  specimens  that  showed  signifi- 
cant, scaling,  those  prepared  with  cement  A 
had  air  contents  of  5.5  to  7.1  percent,,  and 
those  prepared  with  cement  B  had  air 
contents  of  2.G  to  6.0  percent.  The  lower 
air  contents  for  slabs  with  cement  \i  tended 
to  mask  the  effect  of  this  cement  on  the  con- 
crete's resistance  to  scaling.  The  data  in- 
dicate thai,  for  equal  air  content,  slabs  pre- 
pared with  cement  B  had  better  resistance 
to  scaling  than  those  prepared  with  cement  A. 
(  me  significant  difference  bel  ween  the  cements 
was    the    alkali    content.      Cement    A    had    a 


high  alkali  content  of  1.09  percent,  express* 
as  sodium  oxide,  and  cement  B  had  an  alkt 
content  of  only  0.14  percent.  The  chemic 
analyses  of  these  two  cements  are  given 
table  1  of  reference  1.  These  slabs  of  ai 
entrained  concrete  had  very  little  addition 
scaling  after  51  cycles.  Only  once  was  9 
increase  in  numerical  rating  more  than  tv' 
for    specimens    carried    through    154    cycle 

Use  of  Fly  Ash 

The  effect  of  fly  ash,  as  a  replacement  f 
part  of  the  cement,  on  the  resistance  of  co 


Table  I.  —  Effect  of  air-entraining  admixtures  on  resistance  of  concrete  to  sealing  for  slabs  cast  on  metal  bases 


Admixture  numbei 


Cement  A 


Air, 
per- 
cent 


Rating  after  freezing  and  thawing  -  for  cycles- 


39 


131 


Cement  H 


Air, 
per- 
cent 


Rating  after  freezing  and  thawing  2  for  cycles- 


39 


131 


Base  Mix:  No  Air-Entrainino  Admixture 


None 

Hi, 
1 1,, 
1 1,1 
Do. 


Salts  of  Wood  Resin 


1.8 

0 

Id 

111 

10 

out 

1.0 

4 

8 

10 

10 

out. 

2.  1 

1 

5 

10 

10 

out 

2.1 

8 

10 

10 

10 

out 

1.8 

8 

11) 

10 

10 

out 

1.1 

8 

10 

10 

10 

out 

1.9 

6 

111 

10 

10 

out 

1.1 

8 

10 

10 

10 

out 

1.(1 

8 

10 

10 

10 

out 

0.6 

3 

10 

10 

10 

out 

23 


6.  1 

7.3 
6.0 

0.1 

I  9 
6.3 
5.7 
4.0 
6.4 


2 
out 

3 
out 

3 
3 

2 
4 
2 


5.7 
5.7 
6.5 
6.0 

6.6 
5.1 
7.8 
5.6 
6.4 


1 

1 

2 

3 

2 

2 

2 

3 

2 

2 

2 

3 

2 

2 

2 

3 

1 

2 

Synthetic  Detergents 


0.7 
5.4 
6.3 
8.4 
5.6 


4 
3 

out 
2 

out 


5.6 
4.6 
4.8 
4.9 


Salts  of  Sulfonated  Lignin 


Salts  of  Petroleum  Acids 


7.4 
6.5 


6.7 
4.1 
5.1 


Salts  of  Proteinaceous  Materials 


5.5 
0.  3 


out 
out 


4.3 
4.  1 


out 
out 


Fatty  and  Resinous  Acids  and*Their  Salts 


1  iri  imc  Salts  of  Sulfonated  Hydrocarbons 


7.5 


\l  ISI  I  I  I   INEOI  - 


5.7 
5.7 


4.5 

0.9 


Slabs  were  made  from  February  to  June  1952,  were  stored  in  moist  air  for  30  to  120  days,  and  all  slabs  were  stored  ir 


'  Continual 

" Numbers  1  through  27  correspond  to  those  given  in  reference  4. 


7.0 

1 

1 

1 

2 

2 

2 

2 

5.5 

1 

1 

1 

1 

2 

2 

3.  7 

1 

1 

1 

2 

3 

3 

3 

2.8 

2 

4 

5 

7 

7 

out 

5.  1 

1 

1 

1 

2 

2 

3 

2 

5.5 

0 

1 

2 

2 

2 

3 

8 

7.0 

6  8 

fi.  7 

0 

1 
0 

1 

1 
1 

1 
..... 

1 

3 

...... 

2 

3 

...... 

2 

3 
...... 

2 

3 
...... 

2 

8.4 
4.3 

5.6 

5.5 

1 
1 
1 

1 

1 
1 
1 
1 

1 

1 
2 

1 

1 

5 
2 
2 

2 
6 
3 
2 

2 
6 
2 
2 

8 
9 

2 

Mi 

2 



2 
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3  i    Table  2. — Effect  of  air-entraining  admixtures  on  resistance  of  air-entrained  concrete  to  scaling  for  slabs  cast  on  sand  bases 

t| 

ili 


Admixture  number  3 

Cement  A 

Corneiii  1! 

Air, 
per- 
cent 

B 

ating  aftci  freezing  and  t  hawing  -  for  cycles— 

Air, 
per- 
cent 

Rating  after  freezing  and  thawing  »  for  cycles- 

12 

17 

39 

51 

79 

131 

154 

12 

17 

39 

51 

79 

131 

154 

Base  Mix:  No  Air-Entrainino  Admixture 

1.1 

1 

8 

10 

10 

out 

0.6 

4 

8 

10 

10 

out 

----- 

Salts  of  Wood  Resin 

2 

5.0 

1 

2 

2 

2 

3 

3 

3 

6.  0 

1 

1 

I       1        » 

3 

3 

2 

Synthetic  Detergents 

12 

15 

3.7 
0.7 

1 
1 

2 
2 

2 

2 

2 
2 

3 
3 

3 
3 

3 
3 

4.5 
4.8 

1 

1 

1 
1 

1 

1 

2 

1 

3 
3 

3 

3 

3 

3 

Salts  of  Sulfonated  Lic.nln 

19 

3.  5 

1 

1 

2 

2 

3 

3 

2 

2.0 

1 

1 

2 

3 

5 

5 

5 

salts  of  Petroleum  Acids 

27 

4.3 

1 

2 

2 

3 

4 

4 

4 

4.3 

1 

1 

1 

2 

3 

3 

2 

Salts  of  Proteinaceous  Materials 

24 

4.5 

1 

2 

2 

3 

4 

4 

4 

3.7 

1 

1 

2 

2 

3 

3 

2 

Fatty  and  Resinous  Acids  and  Their  Salts 

10 

4.3 

1 

2 

2 

2 

3 

3 

3 

4.2 

1 

1 
2               2 

2 

3 

3 

3 

Organic  Salts  of  Sulfonated  Hydrocarbons 

23 ...   .      ...   

1 

2 

2                3 

3 

3 

3 

6.  1 

1                1 

1                1 

3 

3 

3 

'  Continuation  of  tests  reported  in  table  17  of  reference  /.    Slabs  were  made  in  June  1952,  were  stored  in  moist  air  for  30  days,  then  were  stored  in  exposure  area.    Slabs  were  more 
than  6  months  old  when  freezing  and  thawing  started. 
■  Each  rating  represents  one  slab. 
3  Numbers  correspond  to  those  given  In  reference  4. 


ete  to  scaling  is  shown  by  data  in  table  3. 
)ur  different  fly  ashes  were  used  in  these 
sts;  each  fly  ash  was  used  as  a  replacement 
r  33)3  percent  of  the  cement  in  a  6-bag  mix 
I  both  air-entrained  and  non-air-entrained 
ncrete.  Fly  ashes  A  and  B  had  carbon 
ntents  of  0.2  and  0.6  percent,  respectively; 
•  ash  X  had  a  carbon  content  of  5.0  percent, 
id  fly  ash  Y  had  a  high  carbon  content  of 
.2  percent. 

All  of  the  slabs  prepared  with  non-air- 
trained  concrete  had  poor  resistance  to 
tack  by  calcium  chloride,  regardless  of 
lether  fly  ash  was  used  as  a  replacement  for 
irt  of  the  cement.  All  showed  moderately 
ep  scaling  over  the  entire  surface,  with  r 
ting  of  8,  after  only  17  cycles  of  freezing  and 
awing.  The  use  of  air-entrainment  in- 
eased  the  resistance  of  the  concrete  to 
aling  but  the  addition  of  fly  ash  to  the  mix 
d  not  prove  beneficial.  Better  results  were 
itained  with  the  fly  ashes  A  and  B,  which 
id  low  carbon  contents,  than  with  those 
iving  a  higher  carbon  content. 

Type  of  Curing 

Table  4  gives  the  ratings  of  concrete  slabs 
tred  by  different  methods.  Two  rounds  of 
lbs  of  non-air-entrained  concrete  and  one 
und  of  slabs  of  air-entrained  concrete  were 
st  outdoors  on  different  days.     Considerable 


difference  in  the  resistance  to  scaling  was 
observed  between  the  two  rounds  of  non-air- 
entrained  concrete.  All  of  the  slabs  in  round 
one  showed  better  resistance  than  those  of 
round  two.  This  difference  might  have  been 
caused    partly    by    the    daily    differences    in 


atmospheric  conditions  such  as  relative 
humidity,  temperature,  wind  velocity,  and 
sunshine.  Because  of  the  poorer  resistance 
of  round  two  of  the  non-air-entrained  concrete, 
differences  in  the  resistance  to  scaling  caused 
by   curing   were    more   apparent.     Therefore, 


Table  3. — Effect  of  fly  ash  on  resistance  of  concrete  to  scaling  for  slabs  cast  on  metal  bases 


Cement 

Fly  ash  3 

Air,* 
percent 

Rating 

after  freezing  and  thawing  2  for  cycles — 

12 

17 

39 

51 

79 

131 

154 

\, 

None     .   

A 

B 

1.0 
1.0 
1.0 
1.0 
1.0 

4.0 
16 
5.4 
4.9 

4.3 

1.0 

1.0 
1.0 
1.0 

1.0 

6.8 
4.0 
3.  3 
3.9 

5.8 

5 
6 
6 

7 
6 

1 
2 
3 

4 
4 

3 
4 
4 
6 
5 

1 
1 
5 
6 
6 

8 
8 
8 
8 
8 

2 
3 
4 
6 
6 

8 
8 
8 
8 
8 

2 
2 
6 

8 
8 

10 
10 
10 

10 

10 

2 
3 

4 
7 
6 

10 

9 
10 
10 
10 

4 

8 
8 

10 

10 
10 

III 

10 

3 

4 
4 

7 

10 
10 
10 
10 
10 

2 
4 

8 
8 

out 
out 
out 
out 
out 

4 
5 
5 
8 
8 

out 
out 
out 
out 
out 

3 

5 

out 

out 

out 

A 

B.    ..    

B.           

X 

Y 

None 

A 

6 

5 
out 
out 
out 

6 

G 

B 

X 

Y  .. 

A 

B 

X 

Y 

None..    

4 
5 

3 
6 

A... 

75 

X .     

i  Continuation  of  tests  reported  in  table  19  of  reference  1 .    Slabs  were  made  in  June  1952,  were  stored  in  moist  air  for  30 
days,  then  were  stored  in  exposure  area.    Slabs  were  more  than  5  months  old  when  freezing  and  thawing  started. 
1  Each  rating  represents  one  slab.  ,  , 

3  When  fly  ash  was  used,  33W  percent  of  the  cement  was  replaced  by  an  equal  volume  of  fly  ash. 
«  Air  content  in  non-air-entrained  concrete  was  calculated. 
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Table  1.  —  Effect  of  curing  on  resislanc«  of  concrete  to  scaling 


Surface  treatment  ' 


Admixture 


Rating  after  freezing  and  thawing  -  for  cycles 


39  51 


131 


Non-Air-Entrained  Concrete      Round! 


Do 

Do. 
Do 

I). i 
Do 
Do 


do 

Burlap 

do 


do    . 
i  ■  ipci 
Membi 
Membrane  is 
Lubricating  oil. 


lone 

do 

do 
i  ni  i  ii  iting  oil. 


vjone 
do 


do 
.do 
do 


None. . 
do 
do 
do 


Lubricatini 
None 
do 


oil. 


do 
Lubricating  oil. 


1 

1 

3 

3 

II 

1 

2 

2 

II 

1 

3 

3 

0 

1 

3 

3 

1) 

1 

3 

3 

0 

1 

1 
1 

3 

3 

3 
3 

1 

1 

3 

3 

0 

'J 

2 

4 

4 

Non-Air-Entrained  Concrete  ''—Kim  m>  2 


Metal 

Sand 
Do 
Do. 
Do 

Do. 
Do 
Do 

I).. 
Do. 

n 


None 

do.. 
Burlap 

do  . 

do 


Papei     

do 
Membrane  A .  - 
Membi 

Lubricating  nil 
i.uiii  icat  i ■  i ■-■  o 


."ii'      .  

do 

do 
Lubricating  oil. 
None.. 


....do- 
Lubricating  oil. 
None 

do    


.do. 
do 


None 

do 

....do 

do    

Lubricating  oil 


None. 

do 
....do... 

do 


Lubi  ieating  oil  _ 
do -.-. 


out 

8 


9 
out 

s 


out 

out 

9 

t 

3 


Air-Entrained  Concrete  <• 


Metal. 

Sand 
Do 
Do. 


Do 
Do 

l>n 
Do.... 


None 
.do.. 

B 1 1  ■     p 
.  .1.. 


Paper. 

Membrane  A 

Membrane  B 

Used  crankcase  oil. 


None.. 

do. 

do 
do 


.do. 

do 

do 
.do..  . 


Vinsol  resin 

do 

do 
Used  crankcase  oil 


Vinsol  rosin 

do 

...do- 
used crankcase  'iil 


0 

1 

1 

2 

4 

3 

I) 

1 

1 

1 

3 

3 

1 

2 

■> 

2 

4 

4 

0 

1 

1 

1 

3 

3 

II 

1 

1 

1 

3 

3 

0 

1 

1 

2 

3 

3 

II 

1 

2 

2 

3 

3 

0 

2 

2 

- 

3 

3 

i  Continuation  of  tests  reported  In  table  20  of  reference  1.  All  slabs  were  made  outdoors  in  July  1952,  were  removed  from 
molds  after  3  days,  and  then  were  stored  in  exposure  ana.  Slabs  were  more  than  4  months  old  when  freezing  and  thawing 
started. 

■  Each  rating  represents  one  slab. 

J  Curing  was  applied  \Vi  hours  after  casting.     Sheet  materials  or  burlap  were  removed  aftei  3  daj  - 

i  Surface  protective  treatment  was  applied  aftei  28  days. 

f  Air  content  of  non-air-entrained  concrete  was  approximately  2  percent. 

»  Air  content  of  air-entrained  concrete  was  approximately  44  percent. 


pad.  A  vacuum  of  18  to  25  inches  of  mercur, 
was  applied  to  the  plastic  concrete  for  abou 
30  minutes.  All  slabs  were  then  moist  cure' 
with  wet  burlap  for  3  days.  The  non-aii 
entrained  concrete  slabs  cast  on  sand  bast 
and  vacuum  treated  had  better  resistance  ti 
scaling  than  those  that  were  cast  on  met; 
bases  and  vacuum  treated.  The  applicatio 
of  the  vacuum  process  to  the  non-air-entraine 
concrete  was  beneficial  in  reducing  the  amouij 
of  scaling. 

The  air  content  of  the  air-entrained  col 
cretes  varied  from  2.6  to  10  percent.  On] 
the  slab  with  the  lowest  air  content  of  2j 
percent  and  placed  by  the  convention 
method  had  poor  resistance  to  scaling.  A 
of  the  air-entrained  concrete  slabs  that  we 
subjected  to  the  vacuum  process  had  equal 
greater  resistance  to  scaling  than  the  cq 
responding  slabs  that  had  been  placed  by  t\ 
conventional  method. 

Summary  of  Previous  Tests 

In  general,  the  increases  noted  in  scali 
between  the  51  cycles  and  the  154  cycles 
freezing  and  thawing,  at  which  point  the  tej 
were  terminated,  were  not  great  enough 
cause  any  material  change  in  the  previi 
conclusions  (/).  These  continued  tests 
dicated  that  50  cycles  of  freezing  and  tha 
ing  -exposure  for  two  average  winters  in i 
climate  similar  to  that  of  Washington,  D.C 
usually  would  be  sufficient  to  indicate  I 
resistance  of  concrete  test  specimens  to  seal 
caused  by  the  use  of  calcium  chloride. 


this  discussion  is  limited  to  the  results  ob- 
tained for  round  two  and  to  the  air-entrained 
concrete. 

The  tests  for  round  t  wo  on  noti-air-enl  rained 
concrete  without  curing  showed  that  the 
slabs  cast  on  sand  bases  had  better  resistance 
to  scaling  than  the  slabs  east,  on  metal  bases. 
The  slabs  on  which  paper  was  used  for  curing 
had  the  poorest  resistance.  The  slabs  on 
which  lubricating  oil  was  used,  both  for  curing 
and  as  an  admixture  for  the  concrete,  were  the 
most  resistanl  to  scaling  of  any  of  the  other  slabs 
cast  for  round  two.  These  protective  surface 
I  reai  ments  delayed  the  scaling  of  the  concrete 
only  slightly;  this  was  indicated  by  the  large 
differences  in  the  numerical  ratings  at  51  and 
l.")l  cycles.  Membrane  curing  materials  also 
delayed  the  scaling  only  slightly. 

No  significant  scaling  occurred  on  any  of 
the  air-entrained  concrete  slabs.  Therefore, 
it  was  not  possible  to  distinguish  between  the 
relative  effects  of  any  of  the  curing  methods 
or  air-en  t  raining  agents  used.  The  a  mount  of 
entrained  air,  and  not  the  means  of  obtaining 
it,  appears  to  lie  the  factor  governing  the 
a 1 1  ainment  of  durability. 

Vacuum  Treatment 

Comparisons  between  slabs  that  were 
finished  in  the  usual  manner  and  those  to 
which  the  vacuum  process  was  applied  an 
given  in  table  5.     Non-air-entrained  concrete 

slabs   were  cast    in   molds  with  metal  liases  and 
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in  molds  with  damp  sand  bases.  The  air- 
entrained  slabs  were  all  cast  in  molds  with 
sand  bases.  One-half  of  the  slabs  were 
finished  in  the  usual  manner  and  the  other 
half  were  given  the  vacuum  treatment.  The 
slabs  given  the  vacuum  treatment  were  struck 
off  in  the  usual  manner  and  then  the  entire 
surface  of  the  slab  was  covered  with  a  vacuum 


NEW  OUTDOOR  TESTS 


Portland  Blast- Furnace  Slag  Cetne 


A  comparison  was  made  between  conci 
prepared  with  portland  cement  and  conci 
prepared  with  portland  blast-furnace  s 
cement  (2).  In  these  resistance  to  seal 
tests,  ten  cements  were  used:  a  type  I  p< 


Tabic  5. — Effect   of  vacuum   surface   treatment  on  resistance  of  plain  or    air-enlrai. 

concrete  to  sealing  ' 


Air, 

pelei  lit 


1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 

2.6 
2,  6 
3.2 
3.2 

a.  2 

6.1 
6. 1 

7.11 
7.0 
10.0 
lo.o 


Tj  i  H-  base 


Metal 

do. 

do. 

...do. 


Sand... 

do. 

do. 

-_do. 


.do.. 


do. 

'In 

do. 
do 

do 

do. 
do. 
.do- 
do. 


Surface  treat  nieiil  : 


\ 

do 

\   en 

-     do 


None 

do 

Vacuum. 

do 


N 

\  aeumil 

None 

Vacuum. 

None 

Vacuum- 


None 

Vacuum. 

None 

Vacuum 

None 

Vacuum 


Rating  after  freezing  and  thawing  2  for  cycles — 


39 


79 


out 
out 

out 

out 
out 

5 

4 

4 
3 
3 
2 
2 
2 

3 

1 
4 
3 
3 

1 


1  <>n  initiation  of  tests  repotted  in  table  21  of  reference  /.    All  slabs  were  made  outdoors  in  September  1952,  were  cj£t 
Willi  wet  burlap  for  3  days,  and  were  then  removed  from  molds  and  stored  in  the  exposure  area.     Slabs  were  more  tl 
months  old  when  freezing  and  thawing  stalled. 
1   ■■  *  rating  represents  one  slab. 
'  \  acuum  was  applied  to  top  surface  of  plast  ic  concrete  for  one-half  of  an  hour  immediately  after  the  molding. 
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and  and  a  type  IS  portland  blast-furnace 
lag  cemenl  from  each  of  five  mills.  Portland 
ilast-furnace  -las  cement  is  defined  as  an 
ntimately    interground    mixture    of   portland 

•t'lneni    clinker    and    granular    blast-furnace 
-la^.      The    same    clinker    was    used    in     the 
nanufacture  of  the  two  types  of  cement  from 
he   same    plant.      Concrete   slabs    were    made 
,vith  mixes  containing  5'j,  6}i,  and  7'-_.  gallons 
if  water  per  bag  of  cement.     The  correspond- 
ed  cemenl    contents  were  approximately  (i.O, 
').()  and    1.2  bags  per  cubic  yard  of  concrete, 
espectively.      The  air  content  of  this  concrete 
,'aried  from  4.3  to  6.1    percent.     These  con- 
■rete  slabs  were  moist    cured  for  28  days  and 
hen   were  stored  in  the  exposure  area   from  2 
:o  about    40   days   before   freezing   occurred. 
They    were   exposed    to    freezing   and    thawing 
through  two  winters,  for  a  total  of  55  cycles. 
|The  ratings  of  the  slabs  after  20,  35,  and  55 
•ycles    are    shown     in    table     0.      Each    rating 
shown    is   an   average   of   the    ratings   for   two 
-labs.      This   table   also   shows   the   equivalent 
ilkali  content  of  the  cements  and  the  amount 
alipf  slag   used    in    the    manufacture    of   the   slag 
■enieiit. 
When  tlie  water  content  of  the  concrete  was 
;  or  1Y%  gallons  per  bag,  severe  scaling  was 
observed  on  all  slabs  by  the  end  of  35  cycles 
of  freezing.     The  concretes  prepared  with  6}i 
,:  gallons  of  water  were  more  resistant  to  scaling 
haii    those    with    the    greater    water    content, 
)Ut    these    differences    in    scaling    were    insig- 
liticant.      The    air    content    of    all    these    COn- 
libretes    was    more    than     4.3     percent.      From 
results  of  these   tests,   it    appears  that,  even 
with  air-entrained  concrete,  the  water  content 
jf  the   concrete    prepared    with    types    I    and 
IS    cement    is    of    primary    importance    in    its 
resistance  to  scaling  caused   by  the  action  of 
lfi  de-icing  agents. 

For  the  concretes  containing  •">'_•  gallons  of 
water    per    bag   of   cement,    considerable    dif- 
ferences were  noted  between  the  resistance  of 
"the  concretes  prepared  with  both  types  of  the 
cements     from     different     sources.      The     con- 
cretes prepared  with  each  of  the  two  types  of 
cement    from  sources   A  and   H   (all  four  with 
low  alkali  content)   had  very  good  resistance 
to    scaling — much    better    than    the    concretes 
containing     cement     from     the     other     three 
ources.      Concretes    containing    the    cements 
from  sources  C  and  E  had  the  poorest  resist- 
ance to  scaling   (three  of  these  four  cements 
had    a    high    alkali    content).      This    general 
..,  trend  indicated  that  cement  with  a  low  alkali 
content     will     furnish     concrete    with    belter 
resistance  to  scaling  than  cement  with  a  high 
.alkali  content.     However,   concretes  contain- 
ing the  two  types  of  cement    from  source    1) 
did  not  conform  to  this  trend:   no  reason   was 
japparent  for  the  relatively  poor  resistance  to 
jscaling    of    the    concrete    prepared    with    the 
Icemen!  from  source  I),  which  had  a  low  alkali 
:  content. 

From  these  tests  very  little  difference  was 
shown  in  the  resistance  to  scaling  of  the  con- 
:  cretes  prepared  with  a  portland  cement  and 
_thuse  prepared  with  the  portland  blast-furnace 
slag  cement  from  the  same  source.  Averages 
for  all  10  cements,  which  reflect  the  influence 
of  the  water-cement   ratio  on  the  severity  of 
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Table  6. — Effect  of  portland  blast-furnace  slag  cement  on  resistance  of  concrete  lo  sealiiif 


: 


- 


Cement 

Rating  after  freezing  and  thaw  ing 

Slag 

Alkali  1 

5!  5  gallon  ini\ 

6!  i  gallon  mix 

7' a  gallon  mix 

Source 

1  \  i  ii  ■ 

20 

cycles 

35 
cycles 

55 
cj  Cles 

20 
cycles 

35 

cj  cles 

55 
CJ  cles 

20 

cycles 

3.5 
cycles 

cycles 

A 
A_ 

B._. 

B. 

C. 
C. 

D  ___ 
D 

E_ 
E. 

I 

IS 

1 

IS 

I 

/'<  111  n! 

15 
15 

/'Mil  III 

0.  32 

.37 

19 

.32 
.61 

.21 

.  22 

.82 

.  75 

(i 

I 
l 

2 
2 

1 
4 

2 
4 

0 

I 

2 

3 
6 

2 

t; 

5 
6 

1 
1 

2 
8 
4 

8 

4 
4 

t 
4 

4 

li 

8 

2 

t'i 

0 

il 

ii 

9 
'.i 

8 

9 

9 

9 

'J 

Ii 
9 

10 
10 

9 
9 

1 

6 

(1 

s 
6 

9 

s 

s 
9 

8 
9 

8 

9 

9 

9 

9 
9 

9 
9 

10 
9 

9 

in 
Ii) 

10 

in 

10 

to 
HI 

IS.   . 

I 

25 

IS 

I 

IS 

to 
35 

1  These  slabs  cast  mi  metal  bases  were  m  ide  September  to  November  1956,  were  stored  in  moist  aii  for  28  days,  and  then 
were  stored  in  exposure  an 'a.    The  air  content  of  the  concrete  varied  from  1.3  to  6.1  percent,  see  reference  ',.    The  slabs  were 

from  30  to  70  days  old  when  freezing  and  thawing  started. 
-  Each  rating  is  an  average  of  obsei  vations  for  two  slabs. 
3  Percent  of  slag  used  m  manufacturing  type  IS  cement. 
*  Equivalent  alkalies  as  \a..<>. 


the  concrete's  scaling  are  shown  in  figure  3. 
From  these  data,  it.  appears  that,  to  obtain 
resistance  to  frost  and  de-icing  agents,  the 
water  content  of  concrete  must  be  held  to  the 
smallest   possible  amount. 

Silicone  Surface  Coatings 

Two  series  of  tests  were  made  to  studs'  the 
effeel  that  coalings  of  silicone  solutions  on 
the  surface  of  concrete  have  on  increasing  the 
resistance  to  scaling  caused  by  de-icing  agents. 
In  the  first  series,  (en  variables  were  included, 
a-  shown  in  table  7.  The  concrete  had  an 
air  content  of  3  percent.  The  slabs  to  which 
no  initial  curing  was  applied  were  stored  in 
laboratory  air.  having  a  temperature  varying 
from  70°  F.  to  1)0°  F.  and  a  relative  humidity 
of  from  30  to  00  percent.  Initial  curing  was 
applied  approximately  3  hours  after  the  speci- 
mens were  molded,  and  the  surface  treat nl 

was  applied  from  14  to  28  days  later.  When 
three  coats  of  surface  treatment  were  applied, 
the  first  was  applied  14  days  after  molding, 
the  second  at  '-'1  days,  and  t  he  t  bird  at  '28  days. 
When  only  one  coat  was  used,  it  was  applied 
at  28  days. 

TWO  different  silicones  were  used.  Silicone 
A  was  soluble  in  mineral  spirits;  silicone  H 
was  a  water-soluble  silicone  from  a  different 
producer.  The  silicones  were  used  at  a  rate 
of  1  gallon  of  a  2-percent  solvent  or  aqueous 
solution  pei'  100  square  feel  of  surface.  This 
amount  was  recommended  by  each  producer. 
The  membrane  curing  agent  was  applied  at  a 
rate  of  1  gallon  per  200  square  feet.  The 
specimens  were  stored  in  laboratory  air  for 
30  clays  prior  to  being  placed  in  the  exposure 
aie,,,  when  freezing  started  immediately. 
These  slabs  were  exposed  for  five  winters,  and 
they  were  subjected  to  a  total  of  loo  cycles  of 
freezing  and  thawing  by  calcium  chloride  as 
the  de-icing  agent. 

Three  specimens  were  cast  for  each  variable. 
The  average  ratings  of  the  three  slabs  for  each 
variable  after  50,  00,  107,  and  155  cycles  of 
freezing  and  thawing  are  shown  in  table  7. 
These  tests  showed  that  the  specimens  given 


7  days  of  initial  moist  curing  usually  had 
poorer  resist  a  nee  to  scaling  than  t  he  specimens 
that  had  no  deliberate  initial  curing.  The 
silicone  surface  treatment-  were  sometimes  of 
benefit  in  reducing  the  amount  of  scaling,  one 
application  of  the  treatment  appeared  to  give 
better  resistance  to  scaling  than  three  applica- 
tions. 

When  a  silicone  solution  was  used  for  curing 
(applied  about  3  hours  after  molding)  and  no 
other  surface  treatment  was  applied  very 
little  scaling  developed.  Approximately  the 
same  results  were  obtained  w  hen  a  liquid  mem- 
brane-forming curing  agent  was  used.  When 
three  coats  of  silicone  surface  treatment  were 
used  in  addit  ion  tot  he  silicone  used  as  a  curing 
agent,  more  scaling  occurred  but  the  amount 
was  still  rated  as  slight.  Supplementary 
tests  have  shown  that  the  solution  of  silicone 
B  would  not  meet  the  water-retention  require- 
ments for  liquid  membrane-forming  curing  ma- 
terials   (..').     No    appreciable    difference    was 
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Figure  3. — Influence  of  water -cemenl  ratio 
on  severity  of  scaling.  Averages  for  10 
cements. 
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Table  7.— Effect  of  silicone  coatings  on   resistance  of  concrete   to  scaling— series  one 


\  ii!  |i 

7  (lilj   i I 

None 

moist 


Wnr 

Mil       I 


silicone  B 
Do 


Membrane 


Surface  treat  men  1 


None 


l  coal    i 

1  coat  silicone  B 
do 


,  silicone  B 
do 


None 

3  coats,  silicone  B. 


None 


Rating  aftei  freezing  and  thau  ini 


■ 


•io  cycles 


107  cycles 


l 
l  A 


VA 

i 


155  cycles 


I A 
1 1 2 
3 

33  i 

l>  . 

3'  2 


Initial  curing  was  applied  3  hours  after  molding,  slabs  cast  on  metal  bases  were  made  in  January  1955,  were  stored  in 
laboratorj  ail  for  30  days,  and  then  were  stored  in  exposure  area  and  immediately  subjected  to  freezing  and  thawing.  Air 
content  was  3  percent . 

i  Each  rating  is  an  average  of  observations  for  throe  slabs. 

s  Surface  treatment  was  applied  14  to  28  days  after  molding.    Silicone  A  was  mmeral  spirits  soluble, 
v\  ater  soluble. 


and  silicone  B  was 


noted  between  the  resistance  to  scaling  for 
concrete  treated  with  silicone  A  and  that 
treated  with  silicone  B.  All  of  the  concrete 
slabs  in  this  series  had  relatively  good  re- 
sistance i"  scaling.  Onlj  one  group  of  slabs 
showed  significanl  scaling  after  155  cycles  of 
freezing  and  thawing;  these  slabs  were  given  7 
days  of  initial  moist  curing  and  no  surface 
treat  nieiit  . 

A  second  series  of  tests  was  made  to  study 
the  effeel  of  the  use  of  five  different  silicone 
solutions.  These  silicones  were  used  as  sur- 
face protective  coatings,  and  only  one  appli- 
cation was  made.  They  were  applied  II  days 
after  molding,  at  the  rate  recommended  by 
the  manufacturers.  The  five  silicones  in- 
cluded both  those  soluble  in  water  and  those 
soluble  in  mineral  spirits,  and  they  were  ob- 
tained from  t  hree  producers. 

The  test  slabs  were  made  on  two  different 
days,  and  control  slabs  wit  houl  silicone  surface 
treatment  were  made  on  each  day.  The  all- 
contents  of  the  concretes  varied  from  5.2  to 
li.l    percent.       Half  of  the  slabs   were  given   no 


5000 


initial  moist  curing,  and  the  other  half  were 
moist  cured  for  72  hours.  The  slabs  were 
stored  in  laboratory  air  for  15  days  and  then 
were  placed  in  the  outdoor  exposure  area 
and  were  subjected  to  freezing  within  a  few- 
days.  The  slabs  were  exposed  for  1'j  winters 
for  a  total  of  40  cycles  of  freezing  and  thawing. 
The  ratings  after  10,  '20,  and  10  cycles  are 
given  in  table  8.  Each  rating  is  an  average 
of  the  ratings  on  two  slabs  for  each  of  the 
silicone  treatments  and  on  three  control  slabs. 
Most  of  the  slabs  that  were  given  no  initial 
moist  curing  had  better  resistance  to  scaling 
than  those  that  were  moist  cured  for  72 
hours.  The  use  of  silicone  surface  coating 
was  of  no  benefit  in  preventing  scaling. 
Excepl  for  one  set  of  two  slabs,  after  40  cycles 
of  freezing  and  thawing  the  scaling  of  the 
silicone  treated  slabs  was  greater  that  that 
of  the  corresponding  untreated  slabs.  No 
appreciable  difference  was  noted  in  the  resist- 
ance of  eight  of  the  ten  sets  of  slabs  treated 
with  the  different  silicones.  The  eight  sets 
of  treated  slabs  all  showed  significant   scaling 
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I  iuurr  I. — Effect  of  a  silicone  admixture  on  scaling  atnl  compressive  strength  of 

concrete. 


Table    8.— Effect    of    silicone    coatings    on 
resistance  of  concrete  to  staling — series  two 


Initial  applied 
curing  i 

Surface 
treatment 

Rating  after  freezing 
and  thawing  2  for — 

10 

cycles 

20 
cycles 

40 
cycles 

None     

A 
A 

A 

1 
A 

0 

A 

0 
2 

A 

2 

VA 
A 

A 
\A 

\A 
3 

2 
2 

3A 
3 

A 

3 

1 
3 

4 
2 

1 
VA 

6 

s 

0 
5 

e 
63  i 

l  A 

4''2 

2 
5 

5 
2A 

3  days  moist 

None  -- 
3  days  moist 

None 

3  days  moist 

3  da\ s  moist 

Silicone  C 

..do_. 

Silicone  1  > 
do 

do   

3  days  moist 

None 

3  days  moist  - . 

None 

3  days  moist    - 

None 

Silicone  F 
do 

Silicone  G 

...do 

i  Initial  curing  was  applied  about  3  hours  after  molding 
Slabs  cast  on  metal  bases  were  made  November  or  Decembi 
1958,  were  stored  in  laboratorj  aii  for  15  days,  and  then  wen 
placed  in  exposure  area  and  subjected  to  freezing  within  om 
week.     Air  content  varied  from  5.2  to  6.1  percent. 

2  Each  rating  is  the  average  of  two  tests  for  the  silicone 
treated  slabs  and  of  three  tests  for  the  control  slabs. 

3  Surface  treatment  was  applied  t  1  days  after  molding;  sill 
cones  D  and  F  were  watet  soluble;  silicones  C,  K,  ami  ( 
weir  mineral  spirits  soluble. 

after  40  cycles  of  freezing,  whereas  none  o 
the  untreated  slabs  had  scaling  of  this  extent 
Although  the  concrete  for  the  second  serie: 
of  tests  had  a  greater  air  content  than  tha 
of  series  one,  its  resistance  to  scaling  wa 
poorer.  The  concrete  slabs  of  series  tw< 
were  subjected  to  freezing  and  thawing  at  at 
age  of  about  20  days  whereas  those  of  serie 
one  were  subjected  to  freezing  and  thawint 
at  an  age  of  30  days.  The  two  series  wen 
made  about  3  years  apart  and  different  ship 
merits  of  the  cement  were  used,  which  migh 
have  accounted  for  some  of  the  differences  i) 
resistance  to  scaling  of  the  concrete  betweei 
the  two  serie,-. 

Silicone  as  an  Admixture 

A  preliminary  series  of  tests  was  made  t 
determine  the  effect  of  a  silicone  solution  a 
an  admixture  for  concrete  on  its  resistance  t 
scaling.  In  these  tests,  one  of  the  watei 
soluble  silicone  solutions  included  in  th 
silicone  surface  tesls  was  used.  The  mixi 
used  in  these  tests  included  the  control  m 
without  silicone,  and  mixes  prepared  wit 
0.2,  0.4,  0.6,  and  0.9  percent  of  silicone  solk 
by  weight  of  the  cement.  The  air  conten 
for  the  mixes  varied  from  4.3  to  7.0  percen 

Table  9. — Effect  of  a  silicone  admixture  o 
resistance  of  concrete  to  scaling 


Silicone  i,  percent 

Aii  con- 
tent. 
percent 

Hating  after  freezing  and 
thawing J  for — 

20'cycles 

35  cycles 

50  cycles 

5.6 
5.0 
7.0 
4.  3 

5.0 

2 

i ,; 
1 
4 
5 

4 
1 
1 
5 

a'  -. 

41; 

1 

i>.; 

7 

8 

0.2 

0.4 

0.6 

0.9 

1  Silicone  solids  by  weight  of  cement. 

1  Each  rating  is  an  average  of  observations  for  two  or  thr 
slabs.    These  slabs,  cast  on  metal  bases,  were  made  in  Ni 
vember  1958,  were  moist  cured  for  3  days,  were  stored  in  lap 
oratory  air  for  11  days,  and  then  were  stored  in  exposure  an'| 
and  subjected  to  freezing  within  5  days. 
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Table  10. — Effect  of  a  silicone  admixture  on  properties  of  concrete 


NO   SILICONE 

ADMIXTURE, 

RATING  5 


A    O  ( 

^SILICONE 
ADMIXTURE, 
|  i  RATING  1 


0.4', 

SILICONE 

ADMIXTURE, 

RATING  2 


eH    I  0.6% 

-**■"'  £       SILICONE 
ADMIXTURE, 
;•;         RATING  7 


0.9% 

SILICONE 

ADMIXTURE, 

RATING  10 


^l^^'^SM 


Figure  5. — Effect  of  silicone  admixture  on 
\  resistance  of  air-en  trained  concrete  to 
,  scaling.  Photographed  in  1961  after  50 
I  cycles  of  outdoor  freezing  and  thawing 
by  calcium  chloride. 

All  of  the  slabs  were  moist  cured  for  3  days 
:tnd  were  stored  in  laboratory  air  for  11  days 
more  and  then  were  placed  in  the  exposure 
area.  They  were  subjected  to  freezing  within 
5  davs  after  being  placed  in  the  exposure 
area.  These  slabs  were  exposed  for  I1, 
winters  and  were  subjected  to  a  total  of  50 
cycles  of  freezing  and  thawing.  The  ratings 
of  these  slabs  after  20,  35,  and  50  cycles  of 
freezing   and    thawing   are   given   in   table   9. 

Tests  also  were  also  made  to  determine  the 
effect  of  the  silicone  as  an  admixture  on  the 
retardation  of  set  and  the  compressive 
strength  of  concrete.  The  results  of  these 
tests  are  shown  in  table  10.  The  results  of 
the  tests  for  scaling  and  those  for  strength  at 
7  and  28  days  are  shown  in  figure  4.  It  will 
be  observed  that  minimum  scaling  and  maxi- 
mum strength  of  concrete  are  indicated  for 
a  mix  containing  silicone  solids  in  an  amount 
of  about  0.3  percent  by  weight  of  the  cement. 
Photographs  of  typical  slabs  with  silicone 
and  the  reference  concrete  slabs  after  40 
cycles  of  freezing  and  thawing  are  shown  in 
figure  5. 

The   silicone   admixture   had   the   effect    of 

increasing   the   time   of   set   of   the    concrete. 

As  shown  in  table  10,  0.2  percent  of  silicone 

■isolids  required  9.0  hours  for  the  concrete  to 

4 reach   initial   set   as   measured   by   a   Proctor 

(penetration    load    of   500   p.s.i.    but    concrete 


Silicone  - 

Slump 

\ir  content 

Retardation 

of  set  3 

Compressive  strength  at— 

7  days 

14  days 

28  days 

Percent 
None.... 

Inches 

2.8 
3.1 
3.3 

2.  5 

Pen-rut 
5,  l 
5.3 
5.7 
1.9 

Hours 

1  ii 
6.  3 
5.  5 

P.s.i. 
3.  690 
3,930 

3,  820 
3  680 

/'  s.i. 
3,870 
1,540 
4.31(1 
1,390 

]'.X    1. 

1,280 
4,900 

4.  (',20 
4,7111 

0.2 

0.4 

0.6 

'  Proportions  by  dry  weight  were  94  205  295  pounds;  cement  content  was  6.0  baus  per  cubic  yard;  water  content  was  5  8 
gallons  per  bag. 

2  Silicone  solids  by  weight  of  cement. 

3  Determined  by  Procter  penetration  test  using  load  of  500  p.s.i.    Retardation  is  delay  in  hardening  of  concrete  contain- 
ing silicone  as  compared  in  concrete  without.     Concrete  without  silicone  had  initial  set  of  5.0  hours. 


without  the  silicone  admixture  reached  this 
degree  of  set  in  5.0  hours.  Increasing  the 
amount  of  silicone  tended  to  increase  the 
setting  time. 

Miscelltmeoti s  Tes ts 

A  floor  sealer,  which  had  been  tried  experi- 
mentally by  one  of  the  State  highway  depart- 
ments to  prevent  scaling,  was  applied  as  a 
curing  agent  and  tested  to  determine  its 
effectiveness  on  the  resistance  of  concrete  to 
sealing.  The  resistance  to  scaling  of  concrete 
cured  with  this  material  was  compared  with 
the  resistance  of  concrete  cured  with  wet 
burlap  for  7  days  and  with  the  resistance  of 
concrete  cured  with  a  liquid,  membrane- 
forming  curing  material.  Non-air-entrained 
concrete  was  used.  The  liquid  curing  mate- 
rials were  applied  at  two  rates,  1  gallon  per 
100  square  feet  and  1  gallon  per  200  square 
feet,  approximately  2)4  hours  after  the  slabs 
were  cast.  The  slabs  were  placed  in  the 
outdoor  exposure  area  at  an  age  of  14  days, 
and  freezing  did  not  occur  for  about  a  week. 
The  slabs  were  exposed  for  2  winters  and  were 
subjected  to  50  cycles  of  freezing  and  thawing. 

The  ratings  after  20,  35,  and  50  cycles  of 
freezing  and  thawing  by  the  use  of  calcium 
chloride  as  a  de-icing  agent  are  shown  in 
table  11.  Each  rating  is  an  average  of  the 
observations  for  two  slabs.  After  35  cycles  of 
freezing  and  thawing,  there  was  no  appreciable 
difference  in  the  ratings  of  any  of  the  slabs; 
none  showed  any  significant  scaling.  The 
slabs  on  which  the  floor  sealer  was  applied  had 
slightly  better  resistance  than  the  other  slabs. 
At  50  cycles,  all  of  the  slabs  showed  significant 
scaling;  the  ones  on  which  the  floor  sealer  was 
applied  still  had  the  best  resistance  and  the 
moist  cured  slabs  the  poorest .  Xo  appreci- 
able difference  was  noted  in  the  settling 
between  the  slabs  on  which  the  floor  sealer 
and  the  liquid,  membrane-forming  curing 
materials  were  applied  at  the  rate  of  one 
gallon  per  200  square  feet  and  those  on  which 
they  were  applied  at  the  rate  of  one  gallon  per 
100  square  feet. 

Tests  were  made  on  the  two  liquids  used  as 
curing  agents  to  determine  whether  they  met 
the  requirements  for  water  retention  (3). 
These  tests  showed  that  the  floor  sealer  did 
not  meet  the  requirements  and  that  the 
membrane-forming  compound  did.  The 
weathering  tests  showed  slightly  better 
results  for  the  floor  sealer  than  for  the  curing 
material. 


Use  of  Emulsified  Polystyrene  Latex 

In  this  phase  of  the  investigation,  emulsified 
polystyrene  latexes  were  used  as  a  curing 
agent,  as  a  surface  protective  coating,  and  as 
an  admixture  for  concrete.  Three  different 
latexes  were  used  as  curing  agents;  one  was 
used  as  a  protective  surface  treatment;  and 
one  was  used  as  an  admixture.  The  control 
specimens  without  latex  were  moist  cured  for 
7  days.  For  initial  curing,  the  latex  was 
applied  to  the  slabs  2J4  hours  after  molding. 
Surface  treatments  or  protective  coatings 
were  applied  to  the  slabs  at  an  age  of  H  days. 
No  water  retention  tests  were  made  on  the 
latexes.  The  concrete  was  non-air-entrained 
except  when  the  latex  was  used  as  an  admix- 
ture. Concretes  prepared  with  the  latex 
admixture  entrained  either  10  or  20  percent 
air  without  the  addition  of  an  air-entraining 
agent.  When  a  hit  ex  was  used  as  a  curing 
material  or  as  a  surface  treatment,  it  was 
applied  at  two  rates,  1  gallon  iter  200  square 
feet  and  1  gallon  per  400  square  feet.  One 
slab  was  tested  for  each  rate.  The  specimens 
were  stored  in  laboratory  air  for  15  days 
then  placed  in  the  exposure  area.  Freezing 
started  within  a  week.  The  slabs  were 
exposed  for  1 ' -  winters  for  a  total  of  40  cycles 
of  freezing  and  thawing. 

The  ratings  of  the  slabs  at  ID,  25,  and  40 
cycles  are  shown  in  table  12.  The  ratings 
.are  averages  for  two  slabs  on  which  the  same 
latex  was  applied  tit  the  two  different  rates. 
The  ratings  for  the  control  slabs  and  for 
those  having  the  latex  admixture  were  also 
averages  for  two  slabs.     After  only  10  cycles 


Table  11. — Effect  of  a  floor  sealer  and  a 
membrane  curing  material  on  resistance 
of  concrete  to  scaling 


Initial  curing 
material 

Rate  of 
appli- 
cation, 
sq.ft./ 

pal. 

Ratine  after  freezing  and 
thawing  i  for — 

20  cycles 

35  cycles 

50  cycles 

Moist  -' 

Floor  sealer 

floor  sealer 

Membrane 

cm  ing 

Membi    n 

curing  .  .. 

10(1 
20(1 

100 

20(1 

3 

2 
2 

2 

2 

3 

2 
2 

3H 
3 

o 

8 
8 

(  Each  rating  is  an  average  of  observations  for  two  slabs. 
These  slabs,  which  were  cast  on  metal  bases,  were  made  in 
\i,\  ember  1950,  stored  in  laboratory  air  for  14  days,  and  were 
then  placed  in  the  exposure  area  and  subjected  to  freezing 
and  thawing  within  a  week. 

2  The  slabs  were  moist  cured  for  .  days. 
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I  able  12.  —  Effect  of  an  em  ulsified  polys  t)  rene  latex  <>n  the  resistance  of  concrete  lo  scaling 


[nil 

treatment 

Admixture 

Air  content . 

(calculated  l 

percent 

Rating  aftet  freezing  and  thaw  ing  '  fot 

in  cycles 

■j:,  cyi 

in  cycle 

Moist 

None 

I     ti      STo   l 

Xonc 

None 

None 

None 

None 

None 

2 
2 
2 
2 
2 
III 
20 

8 

4' 2 

m 
i 

0 

ii 

9 
9 

:,'., 
1 

6 
(I 
(I 

LO 
10 

x'  , 
71  < 

m 
i 

i ., 

Latex  No.  1 
None 

None 
None 

None 

Latex  No.  1  ' 

Latex  No.  1  ' 

1  Initial  curing  was  applied  approximately  21  _>  hours  after  molding.    Wei  burlap  was  applied  to  moist  cured  slabs  for  7 

-  Each  rating  is  an  average  of  observations  fot  two  slabs.  The  slabs  cast  on  metal  bases  were  made  in  I  >ecember  1958, 
were  stored  in  the  laboratory  15  days,  and  then  were  placed  in  the  exposure  area  and  subjected  to  freezing  and  thawing  within 
a  week. 

Surface  treatment  was  applied  14  days  after  molding. 

Latex  was  added  to  the  mix  at  a  rate  of  2.4  gallons  per  bag  ol  cement. 

i   itex  was  added  to  mix  al  a  rate  ol  1.1  gallons  pei  bag  of  cement,  as  recommended  bj  the  producer. 


of  freezing  and  thawing,  the  control  slabs 
were  severely  scaled  and  had  an  average 
rating  of  8,  at  40  cycles  the  rating  was  10. 
There  was  no  appreciable  difference  in  the 
scaling  of  the  slabs  when  the  three  latexes 
had  been  used  as  curing  materials;  the  ratings 
after  10  cycles  were  from  3'.-  to  I.  and  at  40 
cycles  they  unc  from  71.'  to  8J4  When  a 
latex  had  been  used  as  a  surface  protective 
coating,  the  ratings  were  slightly  higher, 
These  tests  indicate  that  materials  of  this 
type,  when  used  on  the  surface  of  the  concrete, 
are  effective  only  in  slightly  delaying  the 
scaling.  However,  when  a  latex  had  been 
used  as  an  admixture,  excellent  resistance  to 
scaling  was  obtained.  The  excellenl  resist- 
ance of  this  concrete  probably  was  caused  by 


the  high  air  content  entrained  by  the  latex. 
Similar  results  were  obtained  for  concrete 
containing  10.0  percent  air,  as  shown  in 
table  5. 

Additional  Tests  With  Fly  Ash 

In  the  original  series  of  tests  for  the  resist- 
ance to  scaling  of  concrete  containing  fly  ash, 
tests  were  made  on  concrete  in  which  one-t  hird 
of  the  cement  was  replaced  by  an  equal 
volume  of  fly  ash  {2).  This  is  a  larger  amount 
of  fly  ash  than  usually  would  be  used  in  paving 
concrete.  In  the  second  series  of  tests,  the 
concrete  was  prepared  with  three-fourths  of  a 
bag  of  cement  in  a  6-bag  mix  replaced  by  l'.-j 
bags  of  fly  ash.      The  amount  of  sand  used  in 


Figure  6.— Effect  of  de-icing  agents  on  rate  „f  thawing  and  amount  of  seating  of  concrete 

containing  6  percent  of  air. 
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the  mix  was  reduced  lo  compensate  lor  the 
increased  volume  of  concrete.  This  mix  was 
one  that  had  been  recommended  for  paving 
concrete  by  a  producer  of  fly  ash. 

In  this  series  of  tests,  a  fly  ash  with  0.6 
percent  carbon  (B)  and  a  fly  ash  with  11.2 
percent  carbon  (Y)  were  used  with  two, 
type  I  portland  cements.  Both  air-entrained 
and  non-air-entrained  concretes  were  used. 
The  ratings  on  slabs  cast  from  these  mixes 
are  shown  in  table  13;  each  is  an  average  of 
t  he  rat  ings  for  two  slabs. 

As  would  be  expected,  all  of  the  slabs,  with 
and  without  fly  ash,  that  had  an  air  content 
of  only  1.0  percent  showed  severe  scaling 
after  only  15  cycles  of  freezing  and  thawing. 
Slabs  containing  4.5  percent  or  more  air 
showed  moderate  lo  severe  scaling  after  40 
cycles  when  the  high  carbon  fly  ash  had  been 
used.  The  leasl  scaling  occurred  on  the  slabs 
of  concrete  I  hat  had  been  prepared  with 
cement  1'],  fly  ash  B  (low  carbon  content), 
and  a  cement  content  of  5'4  bags  per  cubic 
yard.  The  concrete  prepared  with  I  his  low- 
carbon  fly  ash  had  durability  equal  to  thai  of 
the  concrete  prepared  without  fly  ash. 


NEW  LABORATORY  TESTS 
Effect  of  Thawing  Agents 

A  limited  laboratory  series  of  tests  was 
made  to  determine  the  efl'ect  of  various  1  haw- 
ing agents  on  the  scaling  of  concrete  and  on 
the  rate  of  thawing  of  the  ice  on  the  concrete. 
In  this  series  of  tests,  the  specimens  used  were 
similar  to  those  used  in  the  outdoor  tesfi 
except  that  they  were  only  ti  by  12  by  2  inches 
thick.  The  same  mix  was  used  for  all  speci- 
mens.  The  concrete  was  prepared  with 
crushed  stone  coarse  aggregate  of  one-half  inch< 
maximum  size.  The  cement  content  was  6i 
bags  per  cubic  yard  and  the  air  content  was  (i 
percent.  The  specimens  were  moist-  cured 
for  7  days,  and  then  stored  in  laboratory  air 
for  II  days  prior  to  the  beginning  of  I  he 
freezing  and  thawing  test.  The  procedure 
used  for  these  tests  was,  as  follows:  A  fixel 
volume  of  water  was  placed  on  the  top  surfac] 
of  each  specimen  and  the  specimens  placed  ii 
racks  in  the  laboratory  freezer;  cold  air  al  : 
temperature  of  0°  F.  was  circulated  over  tin 
specimens.  After  Hie  water  had  frozen,  the 
specimens  were  removed  from  the  freezer  ant. 
placed  in  laboratory  air  at  a  temperature  of 
70°  F.  to  thaw.  The  thawing  agents  wen- 
spread  over  the  ice-covered  surface-  at  a  iai< 
of  2.4  pounds  per  square  yard.  After  the  ice 
had  (hawed,  the  surface  was  washed  and  fresh 
water  was  placed  on  the  slabs.  The  specimens 
were  exposed  to  freezing  from  about  I  p.m. 
until  !>  a.m.  the  next  day  and  were  thawed 
from  9  a.m.  until  4  p.m.  the  same  day. 

The  length  of  time  required  for  the  ice  tc 
thaw  and  the  amount  of  scaling  on  the  exposed 
surface  of  I  he  concrete  were  determined  peri- 
odically. The  results  of  these  observations 
are  given  in  figure  (i.  Each  result  given  is  at 
average  for  tests  on  five  slabs.  Five  thawing 
agents  were  used  in  these  tests:  calcium  chlo- 
ride flakes,  sodium  chloride,  a  mixture  of  equa 
parts    by    volume    of    calcium    chloride    an< 
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>dium  chloride,  urea  in  ;>  commercial  de-icer 

f  prilled  pellets  coated  with  clay,  and  urea  in 
ncoated,  shotted  pellets.  For  comparison 
o  thawing  ageni  was  used  on  one  set  of  slabs; 
lev  were  thawed  in  the  laboratory  at  room 
jjjnperature.  The  time  required  to  melt  the 
•e  on  the  surface  of  the  slabs  varied  from  40 
linutes  for  the  specimens  on  which  calcium 
iiloride  had  been  used  as  a  thawing  agent  to 
55  minutes  for  those  on  which  no  thawing 
gent  had  been  used.  Calcium  chloride, 
Ddium  chloride,  and  a  mixture  of  tin-  two, 
ere  much  faster  in  thawing  the  ice  than  the 
gents  containing  either  type  of  urea. 

Of  the  five  thawing  agents,  calcium  chloride 
ppeared  to  be  the  most  effective  and  the 
■asl    harmful   to   the   concrete.      The  average 

ting  of  the  specimens  on  which  calcium 
hloride  had  been  used  was  41..  after  75  cycles 
f  freezing  and  thawing.  Less  scaling  was 
bserved  for  these  specimens  than  for  the 
pecimens  on  which  the  other  thawing  agents 
ad  been  applied.  The  specimens  on  which 
o  thawing  agent  had  been  used  showed  very 
ttle  scaling  and  after  75  cycles  they  had  an 
verage  rating  of  1. 

Age  of  (Concrete  IT  hen  Frozen 

Throughout  the  several  series  of  tests,  the 
esults  obtained  appeared  to  have  been  influ- 
nced  by  the  amount  of  water  in  the  concrete 

hen  freezing  occurred.  The  results,  reported 
U  tables  1  and  2,  showed  that  less  scaling 
ccurred  for  the  specimens  cast  on  a  sand  base 
han  for  those  cast  in  a  waterproof  mold  with 

metal  base.  There  is  no  question  but  thai 
he  sand  base  removed  some  of  the  water 
equired  to  lubricate  the  concrete  mix,  and 
he  test  specimens  so  cast  contained  less  free 
rater  when  frozen  than  those  cast  on  metal 
)ases.  In  other  series  of  tests,  it  was  not 
(gssible  to  prepare  all  of  the  specimens  on  the 
ame  day  because  of  the  limitations  of  the 
jnolds  and  manpower  available;  consequently, 
ome  specimens  were  older  and  probably 
ontained  less  free  water  than  others. 


Table  13.— Additional  lests  on  the  effect  of  fly  ash  on  resistance  of  concrete  to  scalinj. 


Cement 


B 

1 

B__. 

1 

B.   . 

I 

E.    . 

1           

E ._. 

I 

E... 

I 

1! 

I 

B 

I 

B.  . 

1 

E.__ 

E_.. 

I 

E__. 

I-__ 

Type 


Content 


Bags/cu.  yd. 
6 

VA 
6 

■-.'4 
6 

•r>'4 

6 
5J4 

5li 


Vis  Ash 


None 

B 

Y 


None 

If 
Y 


None 
B 

Y 


None 

B 

Y 


Amount 


II,    en    yd 

None 

KID 
11)1) 


Rat  niv  aftei  freezing  and 
thawing  !  toi 


15  cycles 


None 

100 

100 


None 

inn 
100 


None 

Hid 
100 


Pt  ret  hi 

1  ii 
1  i) 

i  u 

1.0 


4.5 

4  5 

4.8 

Ii.  2 
.",  3 


in  cj  cli 


1  Each  rating  is  an  average  of  observations  fot  twoslabs.     These  slabs  were  cast  on  metal  bases  in  \prill957  werestored  in 
moist  air  for  28  days,  and  then  were  stored  in  tl xposurearea.    Slabs  were  more  than  6  months  old  when  freezing  and'thawing 


No  tests  were  made  to  determine  the  amount 
of  the  free  water  in  the  hardened  concrete 
-pecimens  when  they  were  first  subjected  to 
freezing.  However,  the  age  of  the  concrete  of 
all  specimens  at  first  feeezing  is  known.  If  it 
may  be  assumed  that  the  amount  of  free  water 
in  the  hardened  concrete  varied  inversely 
with  the  age  of  the  concrete  at  first  freezing, 
a  relation  of  some  interest  may  be  developed. 
To  this  end,  test  results  for  all  of  the  speci- 
mens cast  on  steel  bases  and  having  an  air 
content  of  4.0  percent  or  greater  were  sum- 
marized, and  the  percentage  of  significantly 
scaled  slabs  at  .">()  cycles  of  freezing  and 
thawing  were  plotted  against  the  age  of  the 
concrete  at  first  freezing.  This  is  shown  in 
figure  7.  Because  of  the  marked  differences 
in  controlling  variables  in  the  various  series  of 
tests,  only  a  general  trend  might  be  expected 
to  be  shown.  This  trend  does  indicate  that 
concrete  subjected  to  freezing  and  thawing  at 
an  early  age  is  most  liable  to  suffer  serious 
scaling.  From  this,  it  may  be  stated  that  for 
concrete  placed  when  freezing  is  imminent, 
scaling  can  be  minimized  if  wet  curing  of  the 
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Figure  7. — Effect  of  the  age  of  the  concrete  when  first  frozen  on    the  severity  of  scaling. 


concrete  is  curtailed.  The  use  of  wind  shields 
to  permit  the  gradual  removal  of  moisture 
from  the  concrete  may  in  this  ease  be  prefer- 
able to  the  use  of  surface  curing  materials  or 
wet  curing  met  hods. 


REFERENCES 

(/)  Factors  Affecting  Resistance  of  Purlin  ml 
Cement  Concrete  to  Scaling  Action  of  Thawing 
Agents,  by  A.  G.  Timms,  PUBLIC  ROADS, 
vol.  28,  Xo.  7,  Apr.  1955,  pp.  143-157. 

{2)  Final  Report  of  Tests  of  <  'oneiric  Contain- 
ing Portland  Blast-Furnace  Sinn  ('muni,  by 
YV.  E.  Oriel,  and  George  Werner,  PUBLIC 
ROADS,  vol.  31,  No.  9,  Aug.  1961,  pp. 
183-193. 

(j)  Liquid  Membrane-Forming  Compound 
for  Curing  Concrete,  ASTM  ('  309-58,  in  1961 
Book  of  ASTM  Standards,  including  Tenta- 
tive*: Pari  ',,  Cement,  Lime.  Gypsum,  Mortar, 
Concrete,  Mineral  Aggregates,  Bituminous 
Mali  rials.  Soils,  pp.  825-827. 

(',)  Evaluation  of  Air-Entraining  Ail  mis- 
lures  for  Concrete,  by  F.  H.  Jackson  and  A.  G. 
Timms,  PUBLIC  HoADS,  vol.  27,  No.  12, 
Feb.  1954,  pp.  25<b-2<i7. 


Table  11. — Efl'ect  of  thawing  agents  on  seal- 
ing of  concrete  and  rate  of  thawing  of  ice 
in   laboratory  freezing  and  thawing  tests 


Thawing  agent ' 

Thaw- 
ing 

lime,-' 
min- 
utes 

Rating  after  fr 
and  thawing 

■enng 
for— 

25 

cycles 

50 

cj  cles 

75 

cycles 

None  ... 

i  'n':i.  coated .      _.  - 

I'rea,  uncoated 

CaCb    . 

155 

Kill 
90 
16 
51 
48 

1 

5 
5 

5 

l 

i; 
6 
4 
(i 

i 

.;> , 
ii 

4'2 

i;e. 

NaCl  . 

Cart.- an. 1  NaCl... 

6 

i  Thawing  agents  were  used  at  a  rate  of  2.4  lb.  per  square 
yard  of  surface. 

■  Time  necessary  fur  ice  on  surface  lo  melt  in  laboratory 
air  at  70°  F. 

3  Each  rating  is  an  average  of  observations  for  five.  12-  by 
ii-  bj  2-inch  slabs.  The  slabs  were  east  on  metal  bases,  were 
moist  cured  for  7  days,  then  were  stored  in  laboratory  air  for 
l-t  days  prior  to  start  of  freezing.    Air  content  was  t;  percent. 
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Speed  Estimation  on  Residential  Streets 


H)    THE  TR  II  IK    OPER  tTIONS  RESE  IRCH  Oil  ISION 
Hi  RE  II    OF  PI  HI  AC  ROADS 


The  study  reported  in  this  article  was 
undertaken  i<>  determine  uith  what 
degree  of  accuracy  residents  are  able  /<» 
estimate  the  normal  operating  speed  of 
vehicles  traveling  on  suburban  streets. 
This  information  is  expected  to  be  useful 
to  traffic  engineers  una'  law  enforcement 
officers  in  acting  upon  the  many  com- 
plaints received  about  speeding  cars  and 
trucks  in  residential  areas. 

Various  factors  ilmt  might  affect  the 
estimations  were  considered  in  relation 
lo  the  type  of  vehicle  for  which  the  speed 
was  being  estimated.  Conclusions  for 
this  sln<ly  were  reached  after  a  statistical 
analysis  of  the  data  collected.  However, 
these  conclusions  acre  deemed  to  apply 
only  lo  the  areas  studied  because  of  I  he 
limited  tint  a  collected. 

Thefieldworkfor  this  study  and  initial 
analysis  of  the  data  collected  tcere  ac- 
complished  by  a  group  of  Junior  Engi- 
neers '  of  the  Bureau  of  Public  Roads, 
during  l')61.  as  part  of  their  training. 


Introduction 

A  PROJECT  to  study  the  accuracy  with 
which  residents  estimate  the  norma] 
operating  speeds  of  vehicles  traveling  over 
residential  streets  was  conducted  by  the 
Bureau  of  Public  Roads  in  a  selected  area  in 
Washington,  D.C.,  in  1961.  A  passenger  car 
and  a  panel  truck  were  driven  at  three  con- 
trolled speeds  of  15,  25,  and  35  miles  per 
hour  (ni.p.h.)  and  935  estimates  of  the  speeds 
at  which  the  vehicles  were  traveling  were 
made  by  160  residents.  Generally,  the  speeds 
at  which  the  test  vehicles  were  traveling  were 
underestimated.  Of  the  935  estimates,  42 
percent  were  underestimates,  22  percent  were 
overestimates,  and  36  percent  were  correct 
estimates,  to  the  nearest  5  m.p.h. 


Summary- 
No  general  conclusions  concerning  i  he  accu- 
racy with  which  speed  estimates  are  made  for 
vehicles  on  residential  streets  could  hi-  reached 
because  of  the  limited  scope  of  this  stud\  and 
tli^  data  ci, llecied.  However,  the  following 
observations  were  made:  (I)  Thirty-eight 
percent  of  the  estimates  of  the  speed  of  the 
passenger  car  were  correct  to  the  nearest  5 
m.p.h.;  and  3  I  percent  of  the  estimates  of  the 
Speed  of  I  hi'  panel  truck  were  cur  reel   lo  within 


i  The   Junior    Engineers   working   mi   tins  study   were: 
Ben  M.  Pugh,  Lawrence  \    3taron,  Duane  C.  Lewis,  John 

H.  (iirvin,  John  R.  Hull',  ami  William  I'.  Steward, 
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5  m.p.h.  (2)  More  of  i  he  observers  under- 
estimated the  speeds  at  which  both  vehicles 
were  traveling  than  overestimated  these 
speeds.  (3)  As  the  travel  speeds  increased 
the  observers  made  greater  absolute  estimating 
errors  in  m.p.h.  but  their  percentage  error  in 
estimating  generally  decreased.  (4)  The  age 
of  the  observers  or  the  type  of  vehicle  (pas- 
senger car  or  panel  truck  I  had  no  apparent 
effect  on  the  mean  absolute  error  made  by 
the  observers.  (5)  Whether  the  observers 
had  small  children  seemingl}  had  no  effect 
on  the  accuracy  of  their  speed  estimations, 
those  with  and  without  small  children  made 
estimates  with  a  similar  degree  of  accuracy. 

In  this  study  no  attempt  was  made  to  sepa- 
rate the  residents  who  might  have  complained 
about  speeding  traffic,  and  it  is  possible  that 
speed  estimates  from  such  a  group  of  com- 
plainers  might  provide  different  results.  I; 
is  suggested  that  those  conducting  future 
studies  of  the  accuracy  of  speed  estimation 
might  consider  using  variables  such  as  nighl 
interviews;  a  noisy  vehicle;  a  sportscar; 
and  or  a  greater  speed  range,  for  example 
HI  to  50  m.p.h. 

Procedure 

Two  vehicles,  a  IK5!)  sedan  of  a  popular 
make  and  a  panel  truck  were  used  as  test 
vehicles     for     this    study.     The     sedan     was 
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chosen  because  of  it-  size,  style,  and  fatnili 
arity  to  the  general  public.  The  truck  wa- 
it type  commonly  used  for  home  delivery  ol 
bread,  milk,  and  similar  commodities.  Test- 
were  conducted  in  which  each  of  the  vehicle; 
was  being  operated  at  -peeds  of  15,  25,  and  :i' 
m.p.h.  These  operating  speeds  were  selectei 
because  they  represent  the  range  of  norma 
operating  speeds  of  vehicles  traveling  oi 
residential  streets.  Both  the  truck  and  tin 
-e  Ian  were  operated  at  each  of  the  speed-  si 
that  the  estimates  for  different  types  o 
vehicles  could  be  compared. 

So  that  the  interviewer  would  be  able  tc 
record  the  actual  speed  of  the  test  vehicle  a 
it  passed  the  observer,  a  code  system  was  pre 
arranged  in  which  (>-  by  6-inch  cards  witl 
three  different  letters  of  the  alphabet  on  then 
were  used.  The  driver  of  the  test  vehicli 
selected  the  speed  at  random.,  either  15,  25 
of  35  m.p.h.,  and  placed  the  appropriate  can 

Table  1. — Mean  absolute  and  percentage 
errors  in  speed  estimating 


Speed 


Errors- 


Passenger  car 


m.p.h. 
-3.  3 
-3.7 

-G.  1 


/',  in  nl 
-22 
-15 

-17 


Truck 


m  p  h. 
-3.4 

-5.0 
-5.4 


;    '•    i:    ,     'it 

—20 
-15 


-5  0  +5  +10  +15 

ERROR  -MILES  PER   HOUR 

Figure  I. — Cumulative  errors  in   speed  estimates  for  the  passenger  car  at  15,  25,  and  .'. 

miles  per  hour. 
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7igure  2. — Cumulative  errors  in  speed  estimates  for  the  truck  at  15,  25,  and  35  miles  per 

hour. 


OVER 


UNDER 


figure  3. — Percentage  of  speed  estimates  over,  on,  and  under  for  all  three   test  speeds 

combined. 


a  the  windshield  of  the  test  vehicle.  Thus 
he  interviewer  was  able  to  record  the  code 
or  the  actual  speed  of  the  test  vehicle  at  the 
aine  time  he  recorded  the  estimate  made  by 
;he  observer,  and  without  giving  any  clue  that 
night   affect    the    observer's   speed   estimate. 


The  only  pattern  followed  was  that  the  truck 
always  preceded  the  passenger  car. 

Test  location 

Upper-,   middle-,   and   lower-income   neigh- 
borhoods   of    different    population    densities 


Table  2.— Influence  of  children  10  years  of  age  or  under  on  observers'  speed  estimates 


„ 


Observers 

Speed  estimates — 

Over 

On 

Under 

Car 

Truck 

Car 

Truck 

Car 

Truck 

Pet. 

16 

17 

Pet. 

26 

33 

Pet. 
36 

42 

Pet. 

35 

33 

Pet. 
48 

41 

Pet. 

39 
34 

Without  children  10  or  under . 

were  selected  for  the  test  areas.  Within  these 
areas,  four  residences  in  each  block  were 
selected  arbitrarily  and  the  occupants  asked 
to  participate  in  the  study.  Site  select  ion  was 
limited  to  locations  with  the  following  listed 
physical  characteristics:  sufficient  sight  dis- 
tance at  minor  intersections  to  permit  safe 
crossing,  straight-aways  long  enough  for  the 
truck  to  obtain  the  required  speed,  streets 
wide  enough  to  permit  the  test  without 
obstructing  other  traffic,  dwelling  units  situ- 
ated so  that  the  observers  easily  could  see  the 
vehicles  from  his  or  her  front  door,  and  turn- 
around areas  for  vehicles  away  from  children's 
play  areas.  Other  factors  that  mighi  have 
influenced  the  speed  estimates  were  recorded 
by  the  interviewer:  Posted  speed  limit,  parked 
vehicles,  sex  and  estimated  age  of  the  observer, 
and  whether  any  children  10  years  of  age  or 
under  were  in  the  family. 

Observers 

Interviewers  contacted  potential  observers 
and  read  the  following  statement:  "I  am  a 
highway  engineer  with  the  U.S.  Bureau  of 
Public  Roads.  We  are  conducting  a  Speed 
Estimation  Research  Project  along  this  street 
in  front  of  your  house.  We  would  like  to 
engage  your  cooperation  in  estimating  the 
speed  of  our  sedan  and  truck  as  they  pass 
directly  in  front  of  your  house." 

Those  contacted  and  consenting  to  partici- 
pate in  the  study  were  given  instructions,  as 
follows:  "The  truck  and  sedan  are  marked 
by  large  signs  on  the  front  stating:  'Speed 
Research  Vehicle.'  I  will  point  out  the  vehicle 
as  it  approaches  so  there  will  be  no  identifica- 
tion errors.  Each  vehicle,  the  sedan  and  the 
truck,  will  make  three  passes.  Each  pass  will 
be  at  a  different  speed.  We  want  you  to  esti- 
mate the  speed  of  each  vehicle  as  it  passes 
directly  in  front  of  your  house,  and  as  you 
make"  your  estimation  I  will  record  it  here  on 
this  form.  We  ask  only  one  question  other 
than  the  speed  estimation  and  that  is, 'Do  you 
have  any  children  under  10  years  old? 

A  total  of  160  observers  marie  935  individual 
speed  estimates.  Most  of  these  estimates 
were  made  to  the  nearest  5  m.p.h.  and  when 
they  weren't,  the  interviewer  rounded  off  the 
estimate  to  the  nearest  5  m.p.h. 

Cumulative  frequency  of  errors  representing 
a  minimum  of  150  observations  are  shown 
by  the  curves  in  figures  1  and  2.  These  curves 
indicate  the  distribution  of  errors  to  have  been 


Table  3. — Cumulative  percentages  of  correct 
speed  estimates  out  of  a  total  of  6  esti- 
mates per  observer 


Correct  speed 
estimates 

Cumulative  percentage  of  estimates 

correct  to  within 

2)4  m.p.h. 

7'2  m.p.h. 

12)4  m.p.h. 

li          

Percent 
1 

0 
21 
38 
(ili 
K( 

100 

Perci  a/ 
44 
66 

81 
92 
97 
99 
100 

/'(TCI  /// 

85 

94 

98 

98 
100 
100 
100 

.")  or  more..  

t  or  more-.. J   .. 
3  or  more  ._-     - 

2  or  more  

1  or  more.  ..  .. 
0  or  more 
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fairly  normal  for  the  passenger  car  for  cadi  of 
three  test  and  for  the  truck  when  its 

d  was  15  m.p.h.;  but,  the  error  curves  for 
the  truck'-  speed  al  25  and  35  m.p.h.  indicate 
a  greater  variation  in  speed  estimates.  The 
mean  absolute  error  in  miles  per  hour  made 
by  i  lie  observers  increased  as  the  traveling 
speed  of  the  vehicles  was  increased,  bill  the 
percentage  error  generally  decreased,  as  is 
shown  in  table  I.  When  all  the  errors  were 
averaged,  the  results  were  negative;  thai  is, 
the  average  observer  underestimated  the  speed 
for  all  three  tesl  speeds  for  both  vehicles. 
The  number  of  errors  made  in  estimating  the 
speed  of  the  passenger  car  were  nearly  identical 
when  its  speed  was  1  .">  and  '-'5  m.p.h.,  but  the 
number  of  errors  increased  "really  when  the 
speed  was  increased  to  35  m.p.h.  As  can  be 
seen  by  figure  3,  more  underestimates  than 
overestimates  were  made  for  the  speeds  of 
both  vehicles.  This  was  especially  true  for 
the  passenger  car:  46  percent  of  the  estimates 
were  under  its  speed,  and  only  16  percent  of 
the  estimates  were  over.  Corresponding 
("mures  for  the  errors  in  estimating  the  speed 
of  the  truck  were  37  percent  and  29  percent, 
respect  ively. 

A  comparison  of  the  percentage  of  speed 
estimates  thai  wen-  over,  on,  and  under  the 
actual  speeds  is  shown  for  both  the  car  and 
truck  in  figure  I.  The  chi  square  significance 
test  was  applied  between  the  estimates  that 
Were  over'  and  under  the  actual  speed  for  each 
vehicle  at  each  of  the  three  speeds.  Signifi- 
cant differences  (0.05  level)  were  obtained  for 
the  passenger  car  estimates  when  its  speed 
was  25  and  35  m.p.h.  No  significant  differ- 
ences were  obtained  for  either  the  passenger 
car,  when  its  speed  was  15  m.p.h.,  or  for  the 
truck  at  any  of  the  three  test  speeds.  Signifi- 
cance at  the  0.05  level  means  that  there  are 
less  than  five  chances  in  a  hundred  that  the 
observed  differences  could  have  occurred  by 
chance  alone. 

Prior  to  this  study,  it  bad  been  thought  that 
people  with  small  children  mighl  tend  to  over- 
estimate the  speeds  at  which  vehicles  were 
traveling.  It  is  very  evident  from  the  data 
shown  in  table  2  that  such  a  hypothesis  was 
not  supported  by  this  study.  Estimates  of 
observers  with  small  children  were  similar  in 
accuracy  to  those  of  I  he  observers  without 
small  children;  approximately  (i.">  percent  of 
t  he  observers  had  small  children  in  t  heir  house- 
hold. Xeithei-  did  the  age  of  the  observer 
seem  to  have  had  an  effect  on  the  degree  of 
accuracy.  The  a^es  of  tin'  observers  that  had 
been  estimated  by  the  interviewer-  were  di- 
vided into  ten-year  age  groupings.  Consider- 
ation of  the  speed  estimates  revealed  no  ap- 
parent differences  between  these  age  groups 
in  the  absolute  error  in  estimating  speed. 

(  )f  the  '.):!,")  est  i males,  42  percent   were  under 
the     speed     of     the     vehicle,     22     percent     were 

overestimates,  and  36  percent  were  correct  to 
the  nearest  5  m.p.h.  Although  those  inter- 
viewed had  not  been  instructed  as  to  what 
range  should  be  employed  in  their  estimating, 
nearly  all  observers  estimated  to  the  nearest 
5  m.p.h.  If  a  smaller  estimating  unit  had 
been  used,  Mich  as  I  m.p.h.,  the  percentage 
of  correct  estimate-  would  have  been  reduced. 
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Figure  1- — Percentage  of  speed  estimates  over,  on.  and  under  for  passenger  ear  and  truck  a 

eaeh  test  speed. 


With  most  of  the  speed  observations  having 
been  made  to  the  nearest.  5  m.p.h.,  a  corred 
answer-  was  actually  0  plus  or  minus  2){  m.p.h. 
Likewise,  observation  of  5  and  10  m.p.h. 
errors  were  actually  5  plus  or  minus  2}£  m.p.h. 
and  10  plus  or  minus  2'j  m.p.h.  The  upper 
(maximum)  limits  of  these  errors  were  used 
to  construct  table  3.  The  data  here  clearly 
-how  that  the  number  of  correct  observations 
increased  with  an  increase  in  (lie  acceptable 
error,  until  85  percent  of  the  observers  were 
never-  in  error  by  more  than  J  2 '  j  m.p.h.  Such 
figures  apply  only  to  the  speed  range  used  for 
this  study,  15,  25,  and  35  m.p.h.,  and  any 
ext  rapolations  f  o  higher  or  lower  speeds  might 
lead  to  erroneous  conclusions.  The  curves 
shown  in  figure  5  were  constructed  from  the 
data  of  table  3.  The  use  of  these  curves  can 
be  shown  best  by  the  following  example.  In 
estimating  speeds  within  a  5-mile  range,  18 
percent  of  the  observers  were  accurate  every 


time     (lot)    percent)     and    38    percent    werl 
accurate  so  percent  of  the  time. 

The  data  collected  were  further-  examine, 
to  determine  whether  some  individuals  alwayl 
estimate  better  than  others.  If  at  least  fouB 
of  the  six  speed  estimates  made  by  an  observe! 
were  under  the  correct  speed  of  the  vehicl 
and  none  of  the  estimates  were  over,  thl 
subject  was  considered  to  have  been  an  under! 
estimator.  If  at  least  four  speed  estimate! 
were  over  and  none  were  under,  the  subjeq 
was  considered  to  have  been  an  overestimatoJ 
If  at  least  four  of  the  estimates  were  correel 
the  subject  was  considered  to  have  been  j 
correct  estimator.  <>n  this  basis,  34  percerl 
of  the  observers  always  underestimated,  1 
percent  always  overestimated,  and  20  percei  . 
were  always  correct.  The  remaining  32  perl 
cent  of  the  observers  could  not  be  placed  il 
any  one  of  these  three  groups  because  of  tl 
inconsistent  pattern  of  their  estimating. 
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Correlation  of  Compaction  and 
Classification  Test  Data  of  Soils 


BY  THE  OFFICE  OF  RESEARCH  AND  DEVELOPMENT 
BUREAU  OF  PUBLIC  ROADS 


Reported)  by  GEORGE  W.  RING,  III,  and 

JOHN  R.  SALLBERG,  Highway  Research  Engineers, 

Physical  Research  Division,  and 

WEBSTER  H.  COLLINS,  Bridge  Engineer, 

Development  Division 


This  article  presents  the  results  of  two  studies  undertaken  by  the  Physical 
Research  Division,  Bureau  of  Public  Roads,  to  correlate  the  results  of  laboratory 
compaction  tests  with  the  results  of  classification  tests.  The  correlations  de- 
veloped in  these  studies  have  been  proved  useful  for  rapidly  checking  compaction 
test  results  and  for  denoting  unusual  soil  characteristics  that  might  cause 
construction  difficulties. 

Laboratory  compaction  tests  are  employed  to  provide  data  on  maximum  <lr\ 
density  and  optimum  moisture  content  of  soils;  results  of  such  tests  are  used 
widely  in  the  development  of  requirements  for  earthwork  compaction .  Classi- 
fication tests  consist  of  grain -size  analysis  anil  the  determination  of  plastic  and 
liquid  limits.  In  the  two  correlation  studies  described  here,  the  compaction 
tests  ivere  performetl  in  accordance  with  an  A.4SIIO  test  method;  the  grain-size 
analyses  were  extended  to  include  the  0.001  millimeter  size:  and  the  moisture 
contents,  denoting  plastic  and  liquid  limits  of  the  soil,  were  determined  in  the 
standard  manner. 

The  first  study,  to  correlate  compaction  and  classification  test  results  was 
conducted  mainly  by  plotting  maximum  dry  densities  and  optimum  moisture 
contents  against  plastic  and  liquid  limits  to  arithmetic  scale.  In  the  secontl 
study,  multiple  linear  regression  analyses  were  used;  this  permitted  correlation 
of  compaction  test  results  with  several  characteristics  of  the  grain -size  analysis, 
as  well  as  with  the  plastic  and  liquid  limits. 

The  formulas  developed  during  these  studies,  incorporating  the  various  factors 
for  estimating  compaction  tests  results,  appear  to  be  more  reliable  for  a  wide 
variety  of  soils  than  any  previously  published. 


Introduction 

AMONG  the  soil  tests  required  for  control- 
ling the  quality  of  highway  construction, 
lithe  compaction  test  is  one  of  the  most 
important  and  one  of  the  most  time-consum- 
ing. A  need  exists  for  (1)  shortening  the  time 
required  to  perform  laboratory  compaction 
tests,  and  (2)  developing  interrelationships 
between  compaction  test  data  and  other 
.laboratory  test  data  to  increase  the  basic 
knowledge  of  compaction.  The  results  of 
two  studies  conducted  by  the  Bureau  of 
Public  Roads  to  accomplish  these  two  ob- 
jectives are  reported  in  this  article. 

Summary 

The  optimum  moisture  content  and  maxi- 
mum dry  density  obtained  in  compaction 
tests  are  known  generally  to  be  related  to  the 
plasticity  and  gradation  of  the  soil  material. 


This  article  shows  the  relationships  of  opti- 
mum moisture  content  and  maximum  dry 
density — as  determined  in  the  test,  77/ < 
Moisture-Density  Relations  of  Soils  Using 
a  5.5-lb  Rammer  and  a  12-in.  Drop  (AASHO 
Designation:  T  99-57,  Method  A)— to  each 
of  several  plasticity  and  gradation  character- 
istics and  to  two  or  more  plasticity  and 
gradation    characteristics    jointly. 

The  multiple  correlations,  based  on  two  or 
more  plasticity  or  gradation  characteristics, 
provided  several  methods  for  predicting 
optimum  moisture  content  and  maximum 
dry  density.  The  simplest  of  these  prediction 
methods  seems  to  be  better  than  those  pre- 
viously published  when  a  variety  of  soils  from 
large  geographical  areas  are  being  considered 
The  best  correlations  of  compaction  data  with 
classification  data  were  obtained  when  the 
analyses  were  made  on  test  data  from  only 
one  county,  which  was  the  smallest  geographi- 
cal unit  considered. 


Predicted  optimum  moisture  content  and 
maximum  dry  density  arc  useful  for  several 
purposes:  (1)  determining  the  amount  of 
water  to  use  in  the  compaction  test  for  the 
first  moisture-density  point;  (2)  rapidly 
appraising  compaction  test  results  when  the 
classification  data,  are  readily  available;  (3) 
reducing  the  number  of  compaction  tests 
required  in  areas  where  the  prediction  methods 
have  been  proved  to  be  sufficiently  accurate 
for  construction  control  purposes,  and  (4) 
denoting  unusual  soils  thai  are  different  from 
those  generally  encountered  and  that  may 
cause  construct  ion  difficulties. 


Pit  hi i sited  Correla  tiotts 

In  1938,  Woods  and  Litehiser  (l)2  showed 
the  general  interrelation  of  plastic  limit, 
plasticity  index,  liquid  limit,  optimum  mois- 
ture content,  and  maximum  dry  density  for 
1,3(>7  Ohio  soils.  They  reported  that  in- 
creases in  the  plastic  properties  of  the  soils 
were  accompanied  by  increases  in  optimum 
moisture  content  and  decreases  in  maximum 
dry  density.  In  a  more  recent  report,  Jumikis 
( ..')  presented  a  chart  relating  optimum  mois- 
ture content  obtained  from  ".  .  .  standard 
soil  compaction  tests  .  .  ."  with  liquid  limit 
and  plasticity  index  for  various  New  Jersey 
glacial  soils.    This  chart  is  shown  in  figure  1. 

Rowan  and  Graham  (3)  presented  two 
formulas  for  estimating  the  maximum  drj 
density  and  the  optimum  moisture  content  as 
determined  in  the  Proctor  test.3  These 
formulas  are,  as  follows; 


'Presented  at  the  41st  annual  meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1962. 

2  References  indicated  by  italic  numbers  in  parentheses  an 
listed  on  page  86. 

3  TIk-  details  of  the  compaction  test  used  by  Rowan  and 
Graham  were  not  Riven.  In  the  original  Proctor  test  <j>, 
25  firm  12-in.  strokes  of  a  5.5-lb  tamper  were  used  on  each  ol 
three  layers  of  soil  in  a  mold  about  I  inches  in  diameter  and 
5  inches  in  height. 
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Table  l.-Summarj  of  deviations  of  optimum  moisture  contents  estimated  by  the  PL  and  LL  chart  (fig.  4)  from  those  determined  by  lest 


'See  reference  10. 


Calculated  density,  pounds  per  cubic  foot4  = 

(1) 


^62.5  G, 
Calculated  optimum  moisture,  percent  = 


-(!)■ 


(2) 


Where 


I) 


CA 
H 


C  =  62.5   ■    shrinkage  ratio,  p. c.f. 
A  =  percentage  passing  No.  4  sieve 
B  =  percentage  passing  No.  40  sieve 
( ts=  specific  gravity 
SL     shrinkage  limit ,  percenl . 

In  comparing  the  predicted  maximum  dry 
densities    and    optimum     moisture    contents 

with  lest  result:-  for  10  soils,  Rowan  and 
Graham  (3)  found  that  the  greatest  difference 
between  the  predicted  and  the  test  maximum 
dry  densities  was  about  .">  percent,  and  that 
the  predicted  optimum  moisture  contents 
were  slightly  higher,  fr about  1  to  .">  per- 
centage points,  than  the  test  results.  They 
suggested  thai  all  calculated  (predicted) 
optimum  moisture  contents  be  corrected  by 
subtracting  '.'>  percentage  points. 

Davidson  and  Gardiner  (5)  used  the 
Rowan-Graham  formulas  in  an  analysis  of  test 
data     for    •_'!()    soils    from     II     States.       They 


i  Pounds  pii'  cubic  fool  hereafter  indicated  by  p.c.f. 


uj     40 


10  15  20  25  30 

OPTIMUM    MOISTURE    CONTENT  -  PERCENT 
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40 


Figure    I. — Optimum   moisture  content    mul  liquid  limit   related   to  plant  icily  index  oj 

various  glacial  materials  (-). 
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Tabic  2. — Comparisons  of  optimum  moisture  contents  and  maximum  dry  densities  estimated  by  I'L  and    LL   chart  (fig.   1)  with  those 
determined  by  test  '  for  soils  from  Alaska  and  outside  the  continental  United  Slates 


Location 


Alajuela,  Costa  Kirn 

Las  I lis.  Panama. 

Liberia 

Do--. -. 

Do --. 


Addis  Ababa,  Ethiopia. 
Oahu,  Hawaii 

Do 

Do.__ 

Do 


k'odiak,  Alaska. 

Do 

Do 


Kenai-Kasilof,  Alaska 
Do.. 

In.     


Kind 


Lateritic 

do 

....do.... 
...do.... 

do— . 


Black  Cotton 

Kaolinitic 

...do... 
Montmorillonitic. 

..--do..._ 


Silt y  alluvium. 

do 

do 


_do. 


.do. 
.do. 


Optimum  moisture  content 


Test 


I'l  m  n! 
41 
29 
20 
12 
15 

39 

33 
36 

37 
35 

211 
24 
33 

](i 
14 
13 


Estimated 


/'ire/  /// 
22 
19 
-•1 
14 
17 

29 
'.'■_' 
23 

3D 


21 
23 

311 

In 
i  1 
12 


1  >e\  in!  urn 


Pt ra  ni 

-19 
-10 

+  4 
+  2 
+  2 

-10 
-11 
-13 


+  1 

-  1 

-  3 


Maximum  dry  density 


Test 


P.c.f. 

ss 
1117 
126 
117 

Ml 

85 

Ml 
79 
s.4 

103 
95 

Ml 

131 

lis 
124 


Est  imated 


P.c  l. 
99 

101 
95 
114 

in, 

87 


inn 
97 

.Mi 

125 
II  I 
119 


l  >r\  iation 


P.c.f. 

+  22 
+  10 
-12 
-12 

-    'J 


+  14 
+  17 
+  7 


-   3 

+  2 
+  0 


Data  from  Public  Roads  laboratory  except  lor  Hawaiian  soils,  which  are  from  Kawana  and  Homes  (//). 


(iimd  wide  deviations  between  the  predicted 
ind  test  results  obtained  from  ".  .  .  the 
standard  Proctor  control  tests  .  .  ."  on 
highly  plastic  soils.  They  determined  that 
[he  size  of  the  deviation  was  related  to  the 
plasticity  index  of  the  soil  and  revised  the 
Rowan-Graham  formulas  to  fit  these  data 
more  closely.  The  revised  formulas  are,  as 
ollows: 


Calculated  density. 


p.c.f.  = 
6250  K, 


K!-0- 


100 
R 


(3) 


(4) 


Calculated  optimum  moisture,  percent  = 

<)+*■ 

Where, 

T.      312-2(PI) 
K|~      ^0fT~ 

PI  =  plasticity  index 

R  =  shrinkage  ratio 

T,      PI      . 
K2  =  T-4. 


Formula  (3)  does  not  include  the  specific- 
gravity  term  KiJ,  which  appears  in  formula 
(1);  Rowan  and  Graham  calculated  specific 
gravity  from  shrinkage  test  data,  whereas 
Davidson  and  Gardiner  substituted  the 
shrinkage  data  directly  into  the  formula. 

Turnbull  (6)  of  Australia  showed  that  the 
optimum  moisture  content  is  closely  related 
to  the  gradation  of  the  soil.  For  a  numerical 
measure  of  gradation,  he  used  the  area  above 
the  graph  of  the  grain-size  distribution  curve 
and  named  it  the  classification  area  (7).  The 
solid,  curved  line  in  figure  2  shows  the  relation- 
ship of  classification  area  to  optimum  moisture 
content  for  101  soils  tested  by  a  compaction 
method  very  similar  to  the  AASHO  T  <i!i-.~.7. 
Method  A.  (The  compaction  effort  that 
Turnbull  used  was  15  percent  greater  than  the 
AASHO  effort.)  The  simple  curvilinear  re- 
lationship shown  in  figure  2  fits  the  test  data 
for  optimum  moisture  content  very  closely; 
72  percent  of  the  predicted  optimum  moisture 
contents  were  within  1.0  percentage  point  of 
the  tesi   results.     Additional  tests  made  later 
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by  Turnbull,  on  coarse-grained  soils  with  high 
classification  areas,  indicated  that  the  curve 
in  figure  2  should  be  corrected  to  follow  the 
dotted  line  shown  in  the  figure.  Information 
on  these  tests  was  transmitted  to  the  authors 
by  a  letter  from  Mr.  Turnbull  dated  Oct.  10, 
1961. 


UJ 

o 

rr 

ID 

Q. 

I 

I- 
Z 
UJ 


O 

o 

UJ 

cr 

Z> 
t- 
0} 

o 


To  simplify  the  determination  of  the  classi- 
fication area,  Turnbull  subdivided  the  grain- 
size  distribution  chart  by  equally  spaced 
ordinates;  figure  3  is  an  adaptation  of  Turn- 
bull's  chart.  The  original  chart  by  Turnbull 
extends  to  the  right  five  more  units  to  include 
particle   sizes   up  to  (>  inches.      The  extra    five 
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Figure  2. — Optimum  moisture  content  vs.  classification  area  based  on  test  data  from  101 
soils  (6).  The  dotted  line  shows  position  of  corrected  curve  based  on  additional  tests  of 
coarse  material. 
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Figure  3. — Grain-size  distribution  of  Cecil  coarse  sandy  loam   on  a  chart  for  determining 

Turnbull  classification  area  (7). 
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.12     15 


LIQUID  LIMIT 
40       45       50       55 


Example:  Given:  Plostic  limit  -  20    Find:  Average  maximum  dry  density  and 
Liquid  limit  -  35  optimum  moisture  content. 

Answer:  110  p.c.f.density  and  16  percent 
moisture. 

Figure  t. — Relation  of  average  maximum  dry  density  and  optimum  moisture  content  to 

plastic  limit  and  liquid  limit. 


units  were  no1  needed  in  the  Public  Roads 
study  because  the  maximum  size  of  particles 
used  in  the  compaction  lest  was  1.7  mm. 
(about  three-sixteenths  of  an  inch). 

To  determine  the  classification  area  from 
the  grain-size  distribution  curve  of  a  given 
soil  material,  one-half  of  the  length  in  percent 
of  ordinate  zero  above  the  curve  should  be 
added  to  the  sum  of  the  lengths  of  ordinates 
1  through  l!l  above  the  curve,  and  that  sum 
should  be  multiplied  by  0.0030] .  For  example, 
t  he  gradation  of  a.  sample  of  Cecil  coarse  sandy 
loam  has  been  plotted  on  figure  3.  The  length 
of  the  ordinates  to  be  added  above  the  curve 

95 
are   .,    89,  84,  78,  72,  (17,  61,  5.5,  50,  44,  40,  36, 

34,  32,  27,  23,   16,  8,  2,  and  0.      The  sum  of 


these,  866,  when  multiplied  by  0.00301  yields 
a  classification  area  of  2.61.  By  locating  the 
point  corresponding  to  this  area  in  figure  2, 
the  optimum  moisture  content  is  determined 
to  lie  22  percent. 


FIRST  PUBLIC  ROADS   STUDY 

The  first  attempt,  in  1958,  by  the  Bureau 
of  Public  Roads  to  correlate  optimum  moisture 
content  and  maximum  dry  density  with  classi- 
fication data  was  based  on  test  data  of  972 
soil  samples  from  31  States.  The  compaction 
test  used  in  the  first  study,  as  well  as  in  the 
second,  was  performed  in  accordance  with 
AASHO   Designation:    T  99-49,  which  is  the 


Table  3. — Correlation  between  variables  as  determined  by  inspection  of  data  plotted  on 

rectangular  coordinates 


<  '"i  relation 


Optimum  moisture  content  versus- 
LL„. 

I'l 

PI _._ 

Range 

dv-  : ::::::::: 

FA . 

0.001 


Maximum  dry  density  vei  >u 
O.M.C.. 

I.I 

I'l, 
[»] 
Range 

d'50  .::::; 

I'  A 
0.001... 


Rating  '  of  correlation 


Good 


Fair 


Poor 


Relationship  on 
arithmetic  scale 


Linear 


i  'in  \  ed 


Relationship  on 
log  log  scale 


Linear 


( 'in  ■,  n| 


Legend: 
LL,  Liquid  limit. 
PL,  Plastic  limit. 
PI,  Plasticity  index. 

Rp,i|eu«oUnncurven0'  ' : "'"'   traversed  b>  ""'   ^ight  line  approximating  the  D,» to  DM portion  ofthe  grain-size dis- 

!',  ' ,"" ': '"",  '■""  ""h,!"    '"'■  determined  al  the  midpoint  of  the  straight  line  referred  to  in  Range  definition 

0  001,  Percentage  of  particles  finer  thai 01  millimeter. 


1  Ratings  were  based  on  the  degree  of  scatter  of  the  plotted  points  about,  the  line  of  best 


fit. 
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same  as  the  current  AASHO  Designation: 
T  99-57,  Method  A.  In  this  method,  thy 
soil  fraction  passing  the  No.  4  sieve  is  com- 
pacted in  three  layers  in  a  4-in.  diameter  mold 
by  dropping  a  5.5-lb.  rammer  from  a  height 
of  12  inches,  25  times  per  layer. 

Correlations  were  made  by  plotting  the  test 
data  on  rectangular  coordinates.  The  chart 
shown  in  figure  4,  developed  by  Yemington  (<S) 
in  the  first  study,  correlates  optimum  moisture 
content  and  maximum  dry  density  with  plastic 
limit  and  liquid  limit.  To  evaluate  the  chart, 
it  was  used  to  estimate  optimum  moisture 
contents  for  510  additional  soil  samples  from 
a  number  of  States.  These  estimates  were 
compared  to  test  results;  these  comparisons 
are  given  in  table  1.  The  comparisons  show 
that  81  percent  of  the  predicted  optimum 
moisture  contents  were  within  2  percentage 
points  of  the  test  optimum  moisture  contents. 
The  correlation  was  best  for  eastern  soils;  94 
percent  of  the  predicted  optimum  moisture 
contents  for  the  222  samples  from  east  of  the 
Mississippi  River  were  within  2  percentage 
points  of  the  test  results.  Soils  showing  the 
least  correlation  were  from  non-soil  areas 
west  of  the  Mississippi  River.  To  evaluate 
estimates  of  maximum  dry  density  from  the 
chart  (fig.  4),  a  study  was  made  of  test  data 
from  532  samples,  which  included  the  510 
Sixty-three  percent  of  the  estimates  were 
within  4  p.c.f.  of  the  corresponding  test  results 

Another  appraisal  of  the  chart  was  made 
with  test  data  for  soil  samples  obtained  from 
Alaska  and  places  outside  the  continental 
United  States.  The  comparisons,  given  in 
table  2,  ranged  from  reasonably  good  for  soils 
from  Alaska  to  extremely  poor  for  those  from 
Costa  Rica,  Panama,  and  Hawaii.  Whereas, 
the  data  clearly  show  that  wide  variations 
occur  between  the  predicted  and  the  actual 
test  results  of  optimum  moisture  contents 
and  maximum  dry  densities  for  certain  soils 
the  variety  of  soils  studies  was  too  limited  to 
warrant  conclusions  as  to  the  cause  of  the 
variations. 

The  results  of  Public  Roads'  first,  study 
proved  to  be  very  useful.  The  chart,  figure 
4,  has  been  used  for  several  years  as  a  guide 
in  performing  compaction  tests,  particularly 
to  estimate  the  amount  of  water  to  use  fo 
the  first  moisture-density  point.  It  also  has 
been  used  by  the  laboratory  supervisor  ti 
determine  whether  the  optimum  moist  ur 
contents  obtained  by  technicians  were  reason- 
able. The  use  of  the  chart  is  limited,  however 
in  that  it  does  not  fit  a  large  number  of  unusual 
soils.  Further  analysis  was  needed  to  maki 
the  correlations  applicable  to  a  wider  range  ol 
soils  and  to  make  the  estimates  more  accurate. 


SECOND  PUR LIC  ROADS  STUDY 

To  improve  the  methods  for  predicting  opti- 
mum moisture  content  and  maximum  dr\ 
density.  Public  Roads  made  a  second  studj 
in  1961  using  multiple  linear  regression  analy 
sis.  This  method  of  analysis  permitted  all  o 
several  variables  to  be  used  jointly  for  esti 
mating  optimum  moisture  content  and  maxi 
mum  dry  density. 


October  19S2        PUBLIC    ROAD! 


Figure  5. — Primary  soil  type  (origin),  location  of  county  samples,  and  number  of  samples. 


Selection  of  Samples  and   Variables 

Soil  test  data,  to  represent  a  broad  coverage 
of  soils  within  the  continental  United  States, 
were  selected  from  the  files  on  the  basis  of 
the  geographical  and  geological  origin  of  the 
soil  samples.  Initially,  946  samples  were 
selected;  many  were  the  same  as  those  used 
in  the  first  study.  This  number  was  reduced 
to  600  by  the  use  of  a  set  of  random  numbers. 
The  nonplastic  soils  were  eliminated  after 
preliminary  analyses  of  the  test  data  had 
shown  them  to  have  different  interrelation- 
ships from  those  of  the  plastic  soils.  The 
analyses  were  made  on  the  remaining  527 
samples  of  plastic  soil.  The  general  types 
(origins)  of  soils  represented,  their  sampling 
locations,  and  the  number  of  samples  from 
each  location  are  shown  in  figure  5. 

The  independent  variables  used  in  the 
analyses  included  plastic  limit,  liquid  limit, 
plasticity  index,  and  several  measures  of 
gradation.  Specific  gravity  also  was  consid- 
ered but  was  not  used  because  of  insufficient 
data.  Standard  AASHO  tests  were  used  in 
determining  the  plasticity  and  gradation  of 
the  soils;  gradation  was  determined  on  the 
fraction  passing  the  No.  4  sieve  because  that 
was  the  fraction  used  in  the  compaction  test, 
AASHO  T  99-57,  Method  A.  Gradation,  as 
represented  by  percentages  passing  specific 
sieves,  could  not  be  used  as  an  independent 
variable  because  the  regression  type  of  anal- 
ysis requires  that   each   variable   be  express- 
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ible  or  measurable  by  a  single  number.  To 
represent  characteristics  of  gradation,  several 
iim\-imii'(-  were  i  i  i''i]  liurniister  (:.>)  reported, 
"The  significant  characteristics  of  grain-size 
distribution  are  fineness,  range  of  grain  size, 
and  type  of  grading."  All  of  these  character- 
istics were  evaluated  in  the  second  Public 
Roads  study. 


Three  measures  were  devised  for  fineness, 
as  follows:  (1)  Percentage  of  particles  finer 
than  the  0.001-mm.  size  was  designated  as 
0.001  fraction.  (2)  Fineness  average,  FA, 
was  \determined  by  taking  one-sixth  of  the 
total  of  the  percentages  of  particles,  by  weight, 
finer  than  the  following  listed  sizes  in  milli- 
meters:  2.0    (No.    10),    0.42    (No.    40),    0.074 


0.001 


0.005  0.020  0.074 

PARTICLE    SIZE  -  mm. 


0.42 


2.0         4.7 


Figure  6. — Typical  grain-size  distribution  curve  showing  shape,  D'm,  and  range, 
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Figure 


I   preliminary   plot    of  optimum    moisture  content    vs.   liquid  limit. 


(No.  200),  0.02(1,  0.00.-),  and  0.001.  (3)  The 
average  particle  size,  I  >.-,,,.  was  obtained  al 
the  midpoint  of  a  straighl  line  (fig.  6)  drawn 
to  approximate  the  major  portion  of  the  grain- 
size  distribution  curve.  The  dashed  line  in 
figure  6  is  an  example  of  this  straight  line;  il 
approximates  the  grain-size  distribution  curve 
from  Dm  to  1  >.,„.  The  percentage  finer  than 
the  O.OOl-inin.  size  was  used  in  the  first  two 
measures  mainly  because  i(  is  the  finesl  frac- 
tion normally  measured  in  the  Public  Roads 
soils  laboratory.  The  range  of  grain  or  par- 
ticle   sizes,    designated    herein    as    range,    is 
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Figure  8. — Logarithmic  plots  of  optimum 
moisture  content  vs.  PI,  and  optimum 
vs.  (/'/+7.5).  showing  effect  of  adding  a 
constant    to    the    independent    variable. 
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Figure  9. — [{elation  of  optimum  moisture 
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defined  as  the  number  of  log  cycles  traversed 
by  the  straight  line  approximating  the  Dm  to 
the  D90  portion  of  the  curve.  The  type  of 
grain-size  distribution  curve  was  designated 
shape.  The  five  shapes  considered  are  shown 
in  figure  (1. 

Study  of  Simple  Relationships 

To  examine  the  simple  relationships  of  each 
dependent  variabh — optimum  moisture  con- 
tent and  maximum  dry  density — with  each 
independent  variable,  plots  were  made  on 
rectangular  coordinates  to  arithmetic  scale. 
Separate  plots  were  made  for  each  shape.  An 
example,  optimum  moisture  content  versus 
liquid  limit  for  shape  '2,  is  given  in  figure  7. 
The  results  indicated  good  correlations  of  op- 
timum moisture  content  with  liquid  limit  and 
with  plastic  limit,  and  good  correlations  of 
maximum  dry  density  with  optimum  moisture 
content  and  with  plastic  limit.  A  summary 
of  the  findings  is  given  in  table  3.  Whenever 
a  definite  linear  or  curvilinear  relation  was  de- 
veloped on  arithmetic  scale,  that  line  approxi- 
mating the  data  was  replotted  to  logarithmic 
scale.  The  type  of  relationship  resulting, 
linear  or  curvilinear,  also  is  shown  in  table  '.i. 
An  examination  of  the  plotted  data  for  each, 
shape  indicated   that  separating  the  data  on 


the  basis  of  shape  was  of  little  or  no  value; 
hence,  the  data  for  all  the  samples  were  sub- 
sequently analyzed  together  regardless  of 
shape. 

Regression  .Analysis  by  Electronic 
Compu  ter 

The  multiple  linear  regression  analyses  were 
performed  on  an  IBM  650  electronic  computer 
using  a  computer  program  (file  number 
6.0.001)  supplied  by  the  machine  manufac- 
turer. The  multiple  regression  analysis  is  a 
method  for  obtaining  a  formula  for  estimating 
one  variable  by  means  of  several  other  vari- 
ables. The  analysis  provides  the  linear  equa- 
tion that  best  fits  tin'  data.  The  results  of 
the  multiple  linear  regression  analyses  are 
summarized  in  table  4.  The  variables  and 
the  standard  error  of  estimate'  are  given  for 
each  analysis.  The  formulas  that  were  de- 
\  eloped  are  listed  in  table  5. 

•  In  the  first  of  five  regression  analyses,  to 
determine  equations  for  predicting  optimum 
moisture  content,  a  relationship  was  sought 
iisint;  all  six  independent  variables.  The 
analysis  was  made  without  adjustments  for 
tlie  curvilinear  relationships  of  D50  and  FA 
(table  4).  The  resulting  standard  error  of 
estimate  was    ±2.00  percent  moisture. 

•  In  analysis  No.  2,  logarithmic  transform! 
tions  were  made  of  all  variables  in  order  to 
make  the  linear  program  applicable  to  curvi- 
linear relationships.  The  resulting  standard 
error  of  estimate  indicated  a  slightly  poorei 
correlation  than  that  obtained  in  analysis  No, 
1.  It  was  found  that  the  logarithmic  trans- 
formation, in  addition  to  straightening  out 
certain  curvilinear  relationships,  had  caused 
some  linear  relationships  to  become  curvilineai 


5  Tlie  standard  error  of  estimate  is  a  measurement  of  clevi 
ation  or  degree  of  scatter  ol  the  points  (test  results)  around 
the  regression  line.  If  the  normal  distribution  of  error  holds 
67  percent  el  the  test  results  will  be  within  one  standari 
error  of  the  predicted  result,  and  95  percent  will  be  w  ilhii 
2  standard  errors.  The  unit  of  measure  is  the  same  as  tha 
of  the  predicted  variable. 


Table  \. — Variables  and  resulting  standard  error  of  eslimale  for  each  regression  analysi 


Analysis 
No. 


Depend- 
ent 
variable 


O.M.C... 

do... 

do.... 

....do.... 

.-..do.__. 

Mil  I) 
....do.... 

.      do 
_._.do.... 


Independent  variable; 


O.M.C, 


l.l. 


PL 


PI 


D'oo 


FA 


Standard 
error  of 
estimate 


!  ±2.  (JO 
±2.  05 
±1.98 

±2.17 
±1.  13 

±4.44 
±2.  52 

±4.32 

■  2  'is 


Remarks 


1  lata  used  directly. 
Log  transformation.  '■' 
Log  11  ansformation  with 
adjustments.  * 

Do. 

Do.: 

I  lata  used  directly. 
Log    transformation    with 
adjustments. 4 
Do. 
Do.  » 


1  Independent  variables  are  simplified;  see  table  5  for  exact  form  of  each  variable.     Meanings  of  abbreviations  are  giveiH 
in  (able  3. 

-  The  standard  error  of  eslimale  by  predicting  with  PL  alone  was  ±2. 15;  the  predicting  equation  is  O.M.C.=0. 811  I'L-1 
0.430. 

:l  All  variables  were  transformed  to  natural  logarithms. 
i  ionstants  were  added  to  some  independent  variables  before  logarithmic  transformation  to  make  all  relationships  lines! 
Vk lib  dependent  variable. 

Analysis  is  for  40  samples  from  London  Co.,  Trim 
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Table  5. — Summary  of  predicting  formulas  from  Public  Roads  Study  No.  2 


\n:il\  sis 
No. 


Predicting  formula 


O.M.C. =1.427  LL-0.815  PL-1.373  PI-0.0007  D'jo+0.062  FA+0.035  (0.001  fraction) -1.312 
Log  O.M.C.=0.1581og(-jr-)+0.6471ogPL+0.021  log  PI+0.012  log(5j2)  +0.354  log  FA+0.248  log  (0.001  fraction) -0.974 

Log  O.M.C.  =  1.029  log  LL+0.045  log  PL+0.224 log  (PI+15) -0.033  log( — §°)+0.2291og  (FA+100) +0.098  log  (0.001  fraction+40) -3.401 

Log  O.M.C.=0.7841ogPL+1.3781og  (FA+100) -6.586 
Log  O.M.C. =0.763  log  PL+1.3771og  (FA+100) -6.544 

M.D.D.  =  147.525-0.020  LL-1.195  PL-0.198  FA 
Log  M.D.D.=7.126-0.6531og  (OMC+15)+0.059  log  LL-0.120  log  (PL+20) +0.014  log  FA 
Log  M.D.D.  =  7.247-0.567  log  (PL+20)-0.110  log  FA 
Log  M.D.D.  =  7.105-0.518  log  (PL+20)-0.113  log  FA 


Legend 
O.M.C,  Optimum  moisture  content. 
M.D.D.,  Maximum  dry  density. 
LL,  Liquid  limit. 
PL.  Plastic  limit. 
PI,  Plasticity  index. 

D'5o,  The  average  particle  size  on  a  straight  line  approximating  the  grain-size  distribution  curve. 
FA,  Fineness  average. 

0.001  fraction,  Percentage  of  particles  finer  than  0.001  millimeter, 
log,  Natural  logarithm. 


For  40  samples  from  Loudon  Co..  Tenn. 


•  Prior  to  analysis  No.  3,  the  average  linear 
uid  curvilinear  relationships  developed  in 
hrithmetic  plots  of  the  data  were  plotted  to 
Logarithmic  scale  to  determine  the  effect  of 
logarithmic  transformation  on  all  the  vari- 
ables.     When   the  resulting  plot  was  curved, 


constants  were  added  to  the  independent 
variables  to  obtain  straightline  relationships. 
An  example  of  this  type  of  adjustment  is 
shown  in  figure  8.  The  const  tints  were  deter- 
mined by  trial  and  error.  The  standard  error 
of     estimate     of      ±1.98     percent     moisture 


5  20  25  30 

ACTUAL  OPTIMUM  MOISTURE  CONTENT 

(AASHO  T99-57,  METHOD  A) -PERCE  NT 

Figure    10. — Actual    vs.   predicted  optimum    moisture   content  from    analysis    No.    4. 
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indicated   a  slightly   better   relationship   than 
found  in  the  previous  analysis. 

•  In  analysis  No.  4,  optimum  moisture  con- 
tent was  compared  with  only  two  independent 
variables-  plastic  limit  and  fineness  average. 
The  number  of  variables  was  reduced  to 
simplify  the  predicting  equation.  Plastic 
limit  and  fineness  average  were  used  because 
the  partial  correlation  coefficients  from  pre- 
vious analyses  had  indicated  them  to  be  the 
best  two  of  the  independent  variables  for 
predicting  optimum  moisture  content.  The 
reduction  of  independent  variables,  however, 
reduced  t  he  accuracy  of  the  predicting  formula  ; 
the  standard  error  of  estimate  increased  to 
±2.17  percent  moisture.  The  predicting 
formula  developed  in  this  analysis  was: 


(5) 


log  O.M.C.  =  0.78-1  log  PL  + 

1.378  log  (FA+100) -6.586 

Where, 

log  =  natural  logarithm 
O.M.C. =opt.imum    moisture   content,    per- 
cent 
PL  =  plastic  limit 
FA= fineness  average. 

Figure  !),  developed  from  formula  (5),  shows 
optimum  moisture  contents  for  the  range  of 
plastic  limits  and  fineness  averages  studied. 

The  standard  errors  of  estimate  shown  in 
table  4  were  based  on  the  numerical  differ- 
ences between  the  measured  and  predicted 
optimum  moisture  contents  and  maximum  dry 
densities.  These  standard  errors  of  estimate 
may  give  the  erroneous  impression  that  the 
optimum  moisture  content  or  the  maximum 
dry  density  can  be  predicted  with  the  same 
accuracy  through  a  wide  range  of  values.  A 
more  realistic  picture  of  the  relationship 
between  predicted  optimum  moisture  content 
from  formula  (5)  and  the  test  optimum  moisture 
content  is  shown  in  figure  10.  The  deviations, 
in  percent  moisture,  increased  as  the  actual 
optimum  moist  tire  content  increased. 

•  Analysis  No.  5  was  made  with  data  repre- 
senting 40  samples  from  Loudon  Co.,  Tenn. 
The    test     data    from    a    single    county    were 
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Table  6. — Soil  data  used  in  comparison  of  methods  for  predicting  optimum  moisture  content 


Local  io 

Soil  ' 
series 

Horizon 
sampled 

Optimum 
moisture 
content 

Maxi- 
mum 
dry 
density 

LL 

PL 

IT 

Specific 
gravity 

Shrink- 
age 
limit 

Shrink- 
age 
ratio 

Gradation  finer  than  sizes  shown  in  millimeters  2 

FA 

4.7 

2.0 

0.42 

0.074 

0.020 

0.005 

0.001 

Ottawa,  111 
Bayfield  Co.,  V\ 
Jerome  Co..  Idaho  . 
New  Castle  Co.,  Del. 
DeSoto  Co.,  Miss 

Strafford  Co.,  VII 

icop  i  <  '!i     Vriz.. 
Elberl  Co.,  Ga 
Madison  Co.,  Iowa. 
Albemarle  Co.,  Va. 

(3) 

1  (ogebic 

Portneuf .. 

Manor 

( Iren 

Suffleld..... 

Mohave 

Cecil 

Wintersel   - 
Davidson. . 

Percent 
14 

11 

16 
17 
18 

20 
•JO 
22 
25 
31 

P.c.f. 
11!) 
1(H) 
107 
109 
106 

107 
109 
100 
94 
89 

28 
24 
26 

35 

41 

40 
43 
68 

70 

72 

15 
22 
22 
26 
22 

22 
20 
34 
30 

37 

13 

4 
9 
19 

IS 
23 

34 
40 
35 

J.  72 
2.71 
2.  72 

2.71 
2.  70 

2.71 
J  or, 
2  74 
2.  73 
2.89 

13 
23 
19 
23 
19 

21 
11 
26 
9 
24 

1.95 

lis 
1.73 
1.61 
1.73 

1.72 
1.96 
1.53 
2.02 
1.69 

Percent 
100 
100 
100 

mo 

100 

1110 
100 
100 
100 
100 

Percent 

98 

99 
100 

89 
100 

10(1 

99 

97 
100 
100 

Percent 
92 
90 
99 
77 
100 

99 
91 
80 
99 
99 

Percent 
78 
54 
97 
50 
100 

OS 

73 
63 
98 
95 

Percent 
62 
35 
51 
42 
67 

77 
50 
64 
80 
89 

Percent 
41 
13 
22 
30 
30 

51 
40 
55 
52 
82 

Percent 

21 

7 

13 
16 
23 

32 

28 
42 
42 

75 

65 
50 
64 
51 
70 

76 
64 

IW 

79 
90 

1 
Bs 

A 
C2 

C2 
B2 
B2 
B2 

B: 

i  Sampled  and  named  by  the  Soil  Conservation  Service,  U.S.  Department  of  Agriculture. 

5  Gradation  percentages  are  based  on  the  fraction  passing  the  No.  4  sieve,  the  same  fraction  used  in  the  compaction  test. 

'  \  VSIIO  Road  Test  embankment;  tesl  data  air  average  values  of  a  cooperative  materials  testing  program  reported  by  Shook  and  Fang  (12). 


FINENESS    AVERAGE 


I'ignre  11. — Relation  of  maximum  dry 
density  /<>  plastic  limit  and  fineness 
average,   analysis   No.    8. 


Table  7. — Comparison  of  nit 

thods  for  predicting  optimum 

moisture  content 

Soil  sample  ' 

Optimum  moisture  content 

Test  2 

Predicted  by — 

PL  and 
FA 

PL  and 
LL 

Jumikis 

Turn- 
bull 

Davidson 

and 
Gardiner 

Rowan 

and 
Graham 

AASHO  embankment ..... 

Pet. 
14 
14 
16 
17 
18 

20 
20 
22 
25 
31 

Pel. 
13 

15 
17 
18 
18 

19 
16 

25 
25 
32 

Pet. 
14 
15 
15 
18 
18 

18 
18 
26 
24 
27 

Pet. 
13 

14 
15 

3  21 

22 

21 
23 

W 

(4) 

Pet. 
19 
13 
18 
14 
20 

24 
19 
22 
28 
38 

Pet. 

12 
18 
14 
14 
21 

23 
14 
28 
18 
32 

Pet. 
9 
18 
14 
15 
16 

18 

7 
18 

6 
21 

Suffleld     .          

Cecil                        

0 

13 

16 

(!) 

28 

37 

63 

1  Description  and  basic  data  are  given  in  table  6. 

2  Determined  by  AASIIO  Designation:  T  99-57,  Method  A. 

3  Extrapolated. 

1  Beyond  limits  of  predicting  chart,  figure  1. 
5  Insufficient  data. 


Table  ii. — Comparison  of  methods  for  predicting  maximum  dry  density 


selected  to  show  how  closely  a  regression 
formula  would  fit  actual  test  results  when  the 
soils  were  from  a  relatively  small  area,  where 
a  restricted  range  of  soil  formation  processes 
might  exist.  The  actual  optimum  moisture 
contents  ranged  from  12  to  34  percent.  The 
standard  error  of  estimate  was  ±1.13  percent 
moisl  ure. 

•  In  regression  analyses  Nos.  6  through  9, 
the  relationship  of  maximum  dry  density  to 

i  vera!  independent  variables  was  investigated. 
In  analysis  No.  6,  three  independent  variables 
that  had  appeared  to  be  most  closely  related 
io  maximum  density  during  the  examination 
of  simple  relationships  were  involved;  these 
three  were  liquid  limit,  plastic  limit,  and 
fineness  average.  The  data,  were  used  direct  ly 
in  the  analysis  without  adjustment.  The 
standard  error  of  estimate  was    ±4.44  p.c.f. 

•  In  analysis  No.  7,  maximum  dry  density 
was  related  to  all  of  I  he  independent  variables 
in  1  he  sixth  analysis  and  to  optimum  moist  ure 
content,  which  was  known  from  the  first 
Public  Roads  study  to  have  a  very  good  cor- 
relation with  maximum  dry  density.  All  of 
the  data  were  logarithmically  transformed 
and  adjusted  where  necessary.  The  standard 
error  of  estimate  for  i  his  analysis  was  ±2.52 
p.c.f. 
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Soil  sample 


AASIIO  embankment 

1  logebic 

Portneuf 

M.'IIKII 

Grenada 

Sullield 

Mohave 

Cecil 

Wintersct 

Davidson 

Sum  of  the  deviations- 


Maximum  dry  density 


Test  2 


119 
109 

107 
109 
106 

107 
109 
100 
94 


Predicted  by — 


PL  and 
FA 


P.c.f. 

118 
11(1 
1117 
104 
106 

105 
110 
92 

'.ii 
87 


20 


PL  and 
LL 


P.c.f. 
114 
112 
112 
106 
106 

106 
106 
92 
95 
90 


30 


Davidson 
and 

i  lai  lime! 


P.c.f. 
118 
112 
111) 
108 
99 

99 
111 
85 


52 


Rowan 

and 
Graham 


P.c.f. 
125 
109 

109 
111 
105 

108 
125 
105 
126 
100 


1  Description  and  basic  data  given  in  table  6. 

-  Determined  by  AASHO  Designation:  T  99-57,  Method  A. 


•In  analysis  No.  8,  maximum  dry  density       logarithmic    transformations.      The   standa 


was  related  Io  plastic  limit  and  In  fineness 
average,  the  number  of  variables  being  re- 
duced lo  simplify  the  predicting  equation. 
Although  the  number  of  variables  was  reduced 
from  that  used  in  analysis  No.  6,  the  accuracy 
w  as  slight  ly  improved,  probably  because  of  the 


error  of  estimate  was  ±4.32  p.c.f.      The  pr 
dieting  formula   developed  in  analysis  No, 
was: 

log  M.D.D.  =  7.247- 

0.567  log  (PL±20)-0.110  log  FA (I 
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Figure  12. — Distribution  of  deviations  of  predicted  optimum  moisture  contents,  which  was 
determined  by  the  LL  and  PL  method,  from  test  results. 


h\  figure  11,  developed  from  this  formula, 
naximum  dry  densities  are  shown  for  the 
ange  of  plastic  limits  and  fineness  averages 
tudied. 

•Analysis  No.  9  was  performed  in  the  same 
nanner  as  Xo.  8  except  that  the  data  were 
imited  to  the  40  samples  from  Loudon  Co., 
Tenn.,  for  which  the  maximum  dry  densities 
anged  from  83  to   119  p.c.f.     The  standard 


error  of  estimate  was  ±2.98  p.c.f.,  which  was 
smaller  than  that  of  analysis  No.  8  and  re- 
flected the  reduction  in  number  of  soil  varie- 
ties. 

Regression  analyses  summarized 

To  summarize  the  results  of  the  regression 
analyses,  the  standard  errors  of  estimate 
listed  in  table  4  showed  that  the  two  formulas 


Table  9. — Comparison  of  actual  '  optimum  moisture  contents  and  maximum  dry  densities 
with  those  estimated  by  figures  9  and  11,  respectively,  based  on  plastic  limit  and  fineness 
average  for  soils  from  Alaska  and  outside  the  Cnited  States 


Soil 

Optimu 

n  moisture  content 

Maximum  dry  density 

Location 

Kind 

Actual 

Esti- 
mated 

Devia- 
tion 

Actual 

Esti- 
mated 

Devia- 
tion 

Alajuela,  Costa  Kica_  _. 

Percent 
41 
29 
20 
12 
15 

39 
20 
24 
33 
10 
14 
13 

Percent 
32 
32 
21 
12 
14 

38 
21 
25 
30 
9 
15 
12 

Percent 
-9 
+3 

+  1 
0 

-1 

-1 

+1 
+1 

-3 

-1 
+  1 
-1 

P.c.f. 
77 

S.S 

107 
120 
117 

80 
103 

95 

80 
131 
118 
124 

P.c.f. 

87 

85 

96 
120 
112 

80 

98 

93 

84 
130 
114 
120 

P.c.f. 

+  10 
-3 

-11 
-0 

-5 

0 

+4 
-1 
-4 
-4 

Las  Lomas,  Panama.. 
Liberia  .. 

.do 

do 

Do 

do 

Do... 

do 

Addis  Ababa,  Ethiopia.   _  ... 

Black  Cotton  . .. 

Silty  alluvium 

do 

Kodiak,  Alaska 

Do 

Do 

do 

Kenai-Kasilof,  Alaska 

...do  . 

Do 

Do 

do 

do 

23 

55 

developed  for  Loudon  Co.,  Tenn.,  in  analyses 
Xos.  5  and  9,  fit  the  data  much  better  than  the 
corresponding  formulas  developed  in  analyses 
Nos.  1,  2,  3,  1  c»,  and  S  for  several  States. 
Analysis  7  included  I  he  test  optimum  moisture 
content  as  an  independent  variable  and, 
therefore,  should  noi  be  considered  with  the 
other  eight  analyses.  Tile  standard  errors 
of  estimate  of  1  he  Loudon  County  formula- 
were  1.1  percent  moisture  and  3.0  p.c.f.  for 
optimum  moisture  content  and  maximum  dry 
density,  respectively.  To  show  the  relative 
magnitude  of  these  standard  errors  of  esti- 
mate, they  may  be  compared  to  the  averages 
of  the  test  results  examined.  The  standard 
error  of  1.1  percent  moisture  was  5.3  percent 

(  „0  „  .  X  100  =  5.3  Jof    the    average    optimum 

moisture  content  (20.94);  tin-  standard  error 
of     3.0    p.c.f.     density     was     2.9     percent 

average  maximum 


/JU, 
\102.5 


X  100  =  2.9    of    tl 


y 


Determined  by  AASIIO  Designation:  T  99-57.  Method  A 


dry  density  (102.30). 

The  standard  errors  of"  estimate  of  I  lie  for- 
mulas developed  in  analyses  Xos.  1,  2,  3,  4,  (i, 
and  8  for  till  the  samples  were  approximately 
2  percent  moisture  and  4.4  p.c.f.  density.  In 
terms  of  the  average  optimum  moisture  con- 
tent and  maximum  dry  density,  18.75  percent 
and  105.28  p.c.f.  respectively,  these  standard 
errors  of  estimates  were  10.7  and  4.2  percent. 
It  is  possible  that  combinations  of  the  in- 
dependent variables  different  from  those  used 
in  this  study  could  result  in  better  correla- 
tions; only  those  combinations  given  in  table 
I  were  analyzed.  The  selections  of  variables 
were  based  mainly  on  the  data  shown  in 
table  \i  and  on  the  partial  correlation  coeffi- 
cients developed  in  the  analyses. 

Comparison    of  Predicting    Methods 
Optimum  moisture  content 

To  test  the  formula  from  analysis  No.  4 
(see  fig.  9)  for  predicting  optimum  moisture 
content  from  plastic  limit  and  fineness  average, 
data  for  10  soils  that  varied  considerably  in 
characteristics    and    that    were    from    widely 


Tabic  10. — Simple  correlati 

on  coefficients 

between  pairs 

of  variables  used  in  analyses  Nos.  1  and  .'{  for 

optimum  moi 

■«l  u  re  con  ten  I 

VARIAHI.KS— ANALYSIS  NO.  1 

O.M.C. 

LL 

PL 

PI 

1  >'.-,(, 

FA 

0.001 

O.M.C.... 

1.00 

0.  87 
0.91 
0.72 
0.47 
0.75 
0.76 

LL 

1.00 
0  84 

0.  95 
0.  45 
0.77 
0.  90 

PL 

1   on 
0  02 

PI 

i  no 

D'so 

0  35                                       II  4fi 

1   on 
0.73 
0.  50 

FA 

0.64 
0.  66 

II.  74 
0.  91 

1   on 

1)    SI 

0.001 

1.00 

VARIABLES—  ANALYSIS  NO.  3 

Log  O.M.C 

Log  LL 

Log  PL 

Log  (PI+15) 

Log  (D'so) 
100 

Log  (FA+100) 

Log  (0.001  tract. 
+40) 

Log  O.M.C 

1.00 
0.89 
0.90 
0.  74 
0.76 

0,  77 
0.76 

Log  LL 

1    no 
0.  S3 
0.94 
0.82 

0.77 
0.88 

Log  PL 

1 .  00 
0.59 
0.63 

0.63 
0.62 

Log  i  PI+15) 

1.00 

0.81 

0.  74 
0.92 

Log  (D'5o) 

i    mi 

0.  92 
0.90 

100 
Log  (FA+100) 

1  on 
0.84 

Log  (O.tXIl  tract. +40) 

1.00 
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separated  geographical  areas  were  selected 
from  the  files.  These  data  arc  given  in  table  6. 
The  predicted  and  test  optimum  moisture 
foments  are  shown  in  table  7,  as  are  the 
optimum  moisture  contents  predicted  by  the 
firsl  Public  Roads  study  (PL  and  LL)  and  by 
methods  developed  by  Jumikis  (2),  Turnbull 
(6,  7),  Davidson  and  Gardiner  (5),  and  Rowan 
and  Graham  (3).  The  results  indicated  that 
the  PL  and  FA  method  is  a  slightly  better 
predictor  than  the  PI- and  LL  method.  The 
other  four  methods  are  at  a  disadvantage  in 
this  type  of  comparison  because  they  were 
developed  for  a  more  limited  range  of  soil 
types  (origin).  Some  predictions  by  each 
method  were  quite  accurate. 

Maximum  dry  density 

To  test  the  formula  from  analysis  No.  8 
(see  fig.  II)  for  predicting  maximum  dry 
density  from  plastic  limit  and  fineness  average, 
data  for  the  10  soils  described  in  table  (i  again 
were  used.  The  actual  and  predicted  maxi- 
mum dry  densities  are  shown  in  table  8. 
This  summary  also  shows  the  densities  pre- 
dicted by  use  of  the  Public  Roads  method 
from  the  first  study  (PL  and  LL)  and  by 
methods  proposed  by  Davidson  and  Gardiner 
(5)  and  by  Rowan  and  Graham  (.?).  The 
densities  predicted  on  the  basis  of  plastic 
limit  and  fineness  average  were  generally 
closer  to  the  actual  maximum  dry  densities, 
although  for  a  few  soils  one  of  the  other 
methods  provided  a  closer  estimate. 

Another  test  of  Die  formulas  from  analyses 
1  and  8  was  made  using  data  from  Alaska  and 
area>  outside  the  continental  United  States. 
The  comparisons  of  estimated  and  actual 
test  optimum  moisture  contents  and  maxi- 
mum dry  densities  are  given  in  fable  9.  The 
soils  used  in  this  test  were  the  same,  except 
for  the  Hawaiian  soils,  as  those  used  in  the 
firsl  Public  Roads  study  to  evaluate  the  PL 
and  LL  method  (table  2).  Estimates  for  the 
Hawaiian  soils  could  not  be  made  because  the 
grain-size  analyses  were  not  available.  The 
sums  of  the  deviations  shown  in  table  !)  are 
23  percent  moisture  and  55  p.c.f.  density, 
and  they  represent  about  half  of  the  corre- 
sponding sum  of  deviations  resulting  from  the 
estimates  made  with  the  methods  developed 
in  the  first,  study. 

Supplemental  Information 

To  determine  whether  the  deviations  of 
the  predicted  optimum  moisture  contents 
from  the  actual  optimum  moisture  contents 
have  a  normal  distribution,  the  deviations 
listed  in  table  1  were  plotted  in  figure  12. 
The  resultant,  curve  closely  approximates  a 
standard  normal  distribution  curve;  this  is 
evidence  that  Hie  standard  error  of  estimate 
is  a  reasonable  measure  of  the  accuracy  of 
Hie  predicting  methods.  Simple  correlation 
coefficients  between  pairs  of  variables  used  in 
analyses  Nos.  1,  3,  6,  and  7  are  given  in  tables 
10  and  11 ;  Hie  larger  the  coefficient,  the  better 
the  correlation,  1.00  being  perfect. 


Table  II. — Simple  correlation  coefficients  between  pairs  of  variables  used  in  analyses  No; 

6  ami  7  for  maximum  dry  density 


VARIABLES— ANALYSIS   NO.   G 

M.D.D. 

LL 

PL 

FA 

M  1 )  1 ) 

1    (HI 

0.8] 

II.  VI 

U.7II 

LL 

1.00 
0.84 
0.77 

1'  L 

1.00 

11.04 

V  \ 

1.00 

VARIABLES— ANALYSIS   NO.   7 

Log    \l   l'.H. 

I.o^ 

(O.M.C.+15) 

Log  LL 

Log     l'L+20) 

Los  FA 

Log  M.D.D 

[.00 
0.97 

(1  SI 
II  ill! 
(1.  117 

Log  hi  M  C.+15) 

1.00 

ii  89 

II.  !MI 
0.74 

Log  LL 

Log  (PL+20)- --_  

1.  00 
0.83 

ii  -;, 

1.00 

Log  FA 

0.61 

1  (id 

Tabulation  Available 

The  test,  data  used  in  the  multiple  linear 
regression  analyses  have  been  tabulated  and 
are  available  to  other  researchers  who  would 
like  to  make  additional  studies  of  the  data. 
This  eight-page  tabulation  is  available  from 
Hie  Chief,  Physical  Research  Division,  Bureau 
of  Public  Roads,  U.S.  Department  of  Com- 
merce, Washington  25,  D.C.  In  addition  to 
the  basic  classification  and  compaction  test 
data  for  527  soils,  the  tabulation  lists  the 
location  from  which  each  soil  was  sampled, 
the  soil  series  name,  the  soil  type  or  textural 
classification  of  the  "A"  horizon,  and  the 
horizon  actually  sampled. 
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APPENDIX  I 

Computer  Curves  for  the  PL  and  LL 
Analyses 

Two  additional  analyses  have  been  made  to       The    standard   errors    of   estimate    were    4.69       curves    with    those    given    iti    figure    4    shows 
check    the   chart,   figure   4,   developed   in   the       Pcf-    for    maximum    dry    density    and    2.15       that  the  new  curves  generally  have  the  same 

,     .  t,  ,,.     t>     j      i .  j         rp,            ,          „            percent  for  optimum  moisture  content.  ,  ,,      .  ,,  ,        , 

first    Public  Roads  studv.      lhe  analyses  pro-       '  slope  and  spacing  as  the  left-hand,  straight- 

Ihe  charts  developed  from   the  two  equa- 

vided  the  following  equations:                                    tiong   are   giyen   fa   figureg    13   &nd    u      The  line    portions    of    the  old    curves    and    that, 

M.D.D.=  139.233  —  0.1344  LL— 1.185  PL  curves   were,  drawn   within   the  range  of  the       for  soils  witn  maximum  <lr\    densities  greater 

O  M.C.  =  0.8151  +  0. 1358  LL— 0.5290  PL  data   examined.      A  comparison  of  these  new       than  100  p.c.f.,  the  curves  almost  coincide. 


LIQUID    LIMIT 
40  50 


Figure  13. — Relation  of  optimum  moisture  content  to  plastic  limit  ami  linniil  Until. 
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Figure  14. — Relation  of  maximum  dry  density  to  plastic  limit  and  liquid  limit. 
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Comparison  of  Properties  of  Coal-Modified 

Tar  Binder,  Tar,  and  Asphalt  Cement 


BY  THE  PHYSICAL  RESEARCH  1)1 1  IS10N 
BUREAU  OF  PUBLIC  ROADS 


Reported)  by  WOODROW  J.  HALSTEAD,  Supervisory  Chemist, 

EDWARD  R.  OGLIO,  Chemist,  and 
ROBERT  E.  OLSEN,  Highway  Research  Engineer 


This  article  presents  information  on  a  study  conducted  to  determine  whether 
a  newly  developed  product,  coal  -modified  tar  binder,  could  be  used  in  the  same 
manner  as  asphalt  cement  for  a  binder  in  pavement  construction.  Results  of 
the  laboratory  study  of  the  properties  of  this  binder,  a  material  produced  by 
the  high -temperature  digestion  of  finely  divided  coal  in  tar  and  high  boiling 
tar  oils,  are  given.  Also  discussed  is  the  comparison  made  of  the  coal-modified 
binder's  properties  and  those  of  an  ordinary  tar  pitch,  RT-12  tar,  and  85-100 
penetration  grade  asphalt  cement.  Properties  of  laboratory  mixtures  contain- 
ing each  of  the  three  binders  also  were  compared. 

This  study  indicated  that  coal-digestion  increased  the  tar\s  resistance  to 
hardening  and  apparently  made  it  somewhat  less  brittle  than  an  ordinary 
tar  pitch.  The  improvements  in  these  properties  were  not  considered  sufficient 
to  warrant  considering  the  coal-modified  tar  binder  as  a  substitute  for  asphalt 
cement.  Immersion -compression  tests  indicated  that  mixtures  made  with  the 
coal-modified  tar  binder  had  greater  resistance  to  deterioration  from  water  than 
similar   mixtures   made  with   asphalt   cement. 

On  the  basis  of  this  uork,  it  is  suggested  that  the  coal-modified  tar  binder 
be  considered  as  an  improved  tar  and  that  it  be  use€l  under  the  same  conditions 
and  for  the  same  general  purposes  as  unmodified  tars. 


Introduction 

CONSIDERABLE  interest  was  aroused 
when  the  Curtiss- Wright  Corp.  announced 
the  development  of  a  new  coal-based  road 
binder  as  the  result,  of  a  research  program 
thai  had  been  conducted  in  an  effort  to  find 
new  uses  for  eoal  and  coal  products.  The 
great  interest  in  this  material  by  groups  in 
several  Slates,  especially  those  seeking  ways 
to  use  more  coal  in  distressed,  coal-producing 
areas,  and  the  potential  effect  of  such  a  binder 
On  the  national  highway  program  prompted 
the  Bureau  of  Public  Roads  to  consider  this 
development  carefully.  This  article  summa- 
rizes the  results  of  the  tests  made  and  the 
findings  of  Public  Roads  concerning  this 
material. 

The  basic  principle  used  in  the  preparation 
of  the  new  binder  is  the  simultaneous  digestion 

i  Presented  at  the  41st  annual  meeting,  Highway  Research 
Board,  Washington,  D.C.,  January  1962. 
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of  powdered  coal  in  coal  tar  and  tar  oils  at  a 
temperature  of  500°  to  600°  F.  It  was 
claimed  that,  by  adjusting  the  proportions  of 
tar,  tar  oils,  and  coal,  binders  could  be  pre- 
pared covering  the  same  penetration  range  as 
asphalt  cements.  It  was  the  intent  of  the 
developer  that  the  modified  binders  would  be 
used  in  the  same  manner  as  asphalt  cements 
in  hot  plant  mixtures. 

The  digestion  of  powdered  coal  in  tars  and 
pilch  has  been  used  for  a  number  of  years  in 
pipeline  coatings  and  in  pitches  for  steep, 
built-up  roofs.  No  previous  attempt  has 
been  made  in  this  country  to  use  this  prin- 
ciple in  the  manufacture  of  a  binder  for 
pavements,  but  studies  of  the  effects  of  pow- 
dered coal  on  the  properties  of  road  tar  have 
been  conducted  recently  in  South  Africa  (I).2 
The  details  of  the  manufacture  of  the  coal- 
modified  tar  binder  and  background  informa- 

2  References  indicated  by  italic  numbers  in  parentheses 
are  listed  on  page  95. 


tion  concerning  its  development  are  discussed 
in  a  report  issued  Dec.  30,  1960,  by  the  Curtiss 
Wright  Corp.,  Research  Division  (2),  and  tin 
description  of  the  construction  and  perform 
ance  of  the  first  experimental  pavements  built 
with  the  new  binder  is  given  in  two  reports) 
by  the  Kentucky  Department  of  Highways 
(3,4). 

Through  the  courtesy  of  the  Curtiss- Wrigm 
Corp.  and  the  Kentucky  Department  of  High- 
ways, samples  of  the  coal-modified  tar  binder 
and  various  materials  were  obtained  for  this 
study.  Laboratory  studies  were  conducted  to 
determine  the  physical  properties  of  the  new, 
binder  and  to  compare  these  properties  with 
the  properties  of  ordinary  tar  and  of  asphalt] 
cement.  Two  series  of  tests  were  made:  Ir 
the  first,  a  sample  of  the  coal-modified  tai 
binder  obtained  directly  from  the  Curtiss-j 
Wright  Corp.  was  compared  with  a  water-i 
proofing  tar  pitch.  In  the  second,  tests  wen 
made  to  compare  the  coal-modified  tar  binder 
the  base  tar,  RT-12,  and  the  asphalt  cement 
used  in  one  of  the  experimental  pavement 
sections  constructed  in  Kentucky. 


Summary  and  Conclusions 

These  comparative  tests  showed  that  the! 
coal  digestion  and  the  addition  of  high  boiling 
tar  oils,  employed  in  the  manufacture  of  thffl 
coal-modified  tar  binder,  reduced  the  viscosity-l 
temperature  susceptibility  of  the  tar  and  madd 
it  somewhat  more  resistant  to  hardening  ai 
high  temperatures.     However,  comparison  o;j 
this  binder  with  asphalt  of  a  similar  softening 
point  (85-100  penetration  grade)  showed  thai! 
the  coal-modified  tar  binder  retained  characj 
teristics  more  nearly  equal  to  those  of  the  ta| 
than  those  of  the  asphalt.     In  particular,  tin 
volatile  loss  and  hardening  in  heat  tests  of  tin 
two  tar  products  were  about  the  same,  bu 
these  heat  tests  results  were  significantly  dif< 
ferent   from    the    results   of   similar   tests    oil 
asphalts.     At  all  test  temperatures,  stabilities 
as    indicated    by    compressive    strengths,  fo 
mixtures    made    with    the    coal-modified    ta 
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under  were  higher  than  stabilities  of  similar 
nixtures  made  with  asphalt.  However,  the 
tabilities  of  the  coal-modified  tar  binder 
ibtained  at  low  temperatures  were  such  that  a 
ack  of  flexibility  and  possible  brittleness 
night  be  suspected.  The  subsequent  behavior 
>f  the  materials  in  the  Kentucky  experiments 
erified  this  brittleness  and  lack  of  flexibility. 
The  results  of  this  study,  in  general,  showed 
hat  coal-modified  tar  binders,  such  as  the 
3urtiss- Wright  material,  should  be  considered 
is  an  improved  tar.  It.  would  be  expected  to 
lerform  better  than  unmodified  tars  in  a  num- 
ber of  applications.  However,  it  also  was 
ndicated  that  the  precautions  normally  em- 
iloyed  when  using  tars  should  be  employed 
vhen  using  this  material  and  that  an  attempt 
should  not  be  made  to  substitute  coal-modified 
,ar  binder  for  penetration  grade  asphalts. 


Comparison  of  a  Modified  Tar  Hinder 
with  a  Tar  Pitch 

In  the  first  series  of  tests,  the  properties  of 
he  coal-modified  tar  binder  were  compared  to 
he    properties    of    a    tar    pitch    meeting    an 

ASIIO  specification,  Standard  Specification 
or  Coal-Tar  filch  for  Roofing,  Dampproofing, 
mil  Waterproofing,  \ASHO  Designation:  \I 
118,  Type  B.  Table  1  gives  the  results  of 
bhese  tests.  The  tar  pitch  used  in  these  com- 
Kirisons  was  selected  so  as  to  have  the  same 
ioftening  point  as  the  modified  binder.  The 
lenetration  at  77°  F.  also  was  about  the  same 
or  both  materials.  However,  the  absolute 
iviscosity  results,  determined  at  different  tem- 
peratures by  the  Koppers  vacuum-operated 
capillary  tube  viscometer  (5)  showed  the  coal- 
modified  tar  binder  to  have  a  somewhat  lower 
viscosity-temperature  susceptibility.  The  vis- 
cosity-temperature coefficient,  as  indicated 
by  the  slope  of  the  line  obtained  when  log  log 
absolute  viscosity  in  centipoises  was  plotted 
against  log  absolute  temperature  in  degrees 
Rankine  (°  F.  plus  459.7),  was  -4.71  for  the 
coal-modified  tar  binder  and  —4.99  for  the  tar 
pitch.  Penetration  tests  made  at  different 
temperatures  also  indicated  lower  suscepti- 
bility for  the  coal-modified  tar  binder,  the 
slope  of  the  log  penetration  versus  temperature 
curves  being  0.0258  and  0.0427  for  the  coal- 
modified  tar  binder  and  the  tar  pitch, 
respectively. 

In  the  thin-film  oven  test  (Jg-in.,  five  hours) 
run  at  the  standard  temperature  of  325°  F. 
(Standard  Method  for  Thin-Film  Oven  Test, 
AASHO  Designation:  T  179-60),  both  mate- 
rials had  very  high  losses  and  exhibited 
extreme  hardening.  As  this  temperature  is 
'higher  than  one  that  likely  would  be  used  for 
materials  of  this  nature,  tests  were  repeated 
at  a  temperature  of  250°  F.  At  this  lower 
temperature,  the  coal-modified  tar  binder 
showed  a  greater  resistance  to  hardening  than 
did  the  tar  pitch.  Impact  resistance,  as 
measured  by  the  height  at  which  a  one  pound 
steel  ball  produced  fracture  of  a  rigidly  sup- 
ported half-inch  cube  of  material  at  the  indi- 
cated test  temperature,  was  greater  for  the 
modified  binder  than  for  the  tar  pitch. 
Except    for    ductility,    the    results    of    tests 
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Figure  I.  —  Viscosity -temperature  relationships  for  hinders  used  in  Kentucky  experimental 

project. 


made  on  the  residues  from  the  thin-film 
oven  tests  at  250°  F.  showed  the  same  general 
trends  as  the  results  of  tests  on  the  original 
materials.  No  specific  conclusions  regarding 
comparable  ductility  can  be  drawn.  The 
original  ductility  of  the  modified  binder  was 
higher  at  77°  F.  than  that  of  the  tar  pitch, 
but  at  00°  F.  the  reverse  was  true.  At 
77°  F.,  the  250°  F.  residue  of  the  tar  pitch 
was  more  ductile  than  the  coal-modified  tar 
binder  even  though  it  was  harder,  as  judged 
by  the  penetration  test.  At  60°  F.,  the  tar 
pitch  had  no  ductility  compared  to  a  ductility 
of  8  centimeters  for  the  coal-modified  tar 
binder. 

This  series  of  tests  confirmed  the  claim  that 
the  coal-modified  tar  binder  has  properties 
that  are  an  improvement   over  those  for  tar 


pitch;  they  also  indicated  that  further  research 
was  warranted  to  compare  the  properties  of 
the  new  binder  with  asphalt  cement  and  to 
determine  the  relative  behavior  of  these 
two  materials  when  used  in  paving  mixtures. 

Comparison  of  Properties  of  Binders 

The  second  and  more  extensive  series  of  tests 
was  made  on  samples  of  materials  wsed  in  the 
Kentucky  experimental  paving  project  11 
(urban)  located  on  U.S.  25  in  London.  K\ . 
The  materials  included  the  coal-modified  tar 
binder,  the  RT-12  tar  used  as  the  base  for 
the  binder,  the  85-100  penetration  grade 
asphalt  cement  used  in  the  control  sections, 
the  powdered  coal,  and  the  aggregate  used  in 
tin'    mixtures.      The    properties    of    the    three 
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Tabic  L. —  Comparison  of  properties  of  coal-modified  binder  with  lar  pitch 
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hinders  were  determined  to  show  their  relative 
viscosity-temperature  susceptibilities  and  their 
degree  of  hardening  when  heated.  Com- 
parisons were  made  of  the  properties  of  labo- 
ratory mixtures  prepared  with  each  binder  and 
the  aggregate  used  in  the  Kentucky  experi- 
ment.  Comparisons  also  were  maeic  for 
mixtures  of  each  of  the  three  binders  and 
other  selected  aggregates. 

Table  2  gives  the  results  of  the  tests  made 
on  the  binders.  These  include  normally 
determined  physical  characteristics  and  abso- 
lute viscosities,  in  poises,  at  various  tempera- 
lures  ranging  from  about  60°  F.  to  350°  F. 
To  determine  viscosities  over  this  wide  range 
of  temperatures,  three  instruments  were 
used:  the  Shell  sliding  plate  microviscometer 
al  the  lower  temperature  range  of  60°  F. 
to  115°  V.;  the  Koppers  vacuum-capillary 
viscometer  in  the  intermediate  temperature 
range  of  115°  F.  to  200°  F.;  and  the  Saybolt 
furol  viscometer,  with  conversions  being  made 
to  absolute  viscosity  in  the  higher  tempera- 
ture range  of  200°   F.   to  350°   F. 

Figure  1  shows  the  viscosity-temperature 
relations    of    the    three    binders    used    in    the 


90 


Kentucky  project.  Although  viscosity  in 
poises  and  temperature  in  degrees  Fahrenheit 
are  indicated  in  the  figure,  these  curves  were 
obtained  by  plotting  log  log  viscosity  in  eenti- 
poises against  log  of  absolute  temperature  in 
degrees  Rankine.  A  good,  straightline  rela- 
tion is  indicated  by  the  data  points  for  all  the 
binders  even  though  the  viscosities  were  ob- 
tained by  the  different  instruments.  The 
difference  in  slope  of  the  curves  for  the  asphalt 
and  the  coal-modified  tar  binder  is  significant. 
The  RT-12  tar  had  substantially  lower  vis- 
cosities for  the  same  temperatures,  but  it  was 
only  slightly  more  susceptible  to  temperature 
than  the  coal-modified  material.  The  calcu- 
lated slopes  of  these  lines  tire:  —4.78,  —4.38, 
and  —3.51  for  the  tar,  coal-modified  tar  binder, 
and  the  asphalt  cement,  respectively. 

Figure  2  shows  the  furol  viscosities  at  vari- 
ous temperatures  for  the  three  binders.  These 
curves  were  used  to  determine  the  various 
mixing  temperatures  for  the  studies  of  labora- 
tory mixtures  to  be  discussed  later.  It  should 
be  noted  that  furol  viscosity  here  is  directly 
related  to  kinematic  viscosity  in  stokes  rather 
than  to  absolute  viscosity  in  poises.      The  data 


points  shown  in  these  curves  are  the  basis  f<| 
the  absolute  viscosities,  in  poises,  given  il 
table  2  for  the  temperatures  indicated. 

Resistance  to  hardening 

One  of  the  claims  of  the  developers,   th; 
coal-modified  tar  binder  could  be  used  in  tl 
same  manner  as  asphalt  cement  in  bituminou 
concrete   construction,   was   of   much   interea 
because  it  is  well  known  that  ordinary  tars  aiJ 
more  volatile  than  asphalts  and  should  not  1 
subjected  to  the  same  high  temperatures 
asphalt  during  the  production  of  hot  pavin:' 
mixtures.     Because  of  this  claim,  the  relativp 
resistance  of    these  two  binders  to  hardenin 
when  subjected  to  heat  was  of  consideraffl 
interest.      To  compare  this  heat  resistance,  thl 
thin-film  oven  test   Cs-in.,  5  hours),   which  : 
commonly  used  as  a  specification  test  to  evali 
ate   the    hardening   characteristics   of  asphal 
cements,  was  employed.     Tests  were  made  a 
temperatures  ranging  from  210°  F.  to  325°  I 
on   the   three  binder  materials.      In  additioi 
the  oven-loss  test  (Standard  Method  of  Testfo 
Loss   on    Heating   of  Oil   and   Asphaltic.    Com\ 
pounds,   AASHO    Designation:  T  47-42)   wa| 
made  on  the  coal-modified  tar  binder  and  th: 
asphalt  cement.     The  results  of  these  tests  aj| 
given  in  table  3. 

Figure  3  shows  the  comparison  of  the  wreighJ 
loss  during  the  thin-film  tests  of  the  asphal 
cement,  the  coal-modified  tar  binder,  and  thl 
RT-12  tar  at  the  various  test  temperaturel 
AH  hough  this  particular  asphalt  cemerJ 
showed  small  gains  in  weight,  most  asphal 
cements  of  this  grade  have  small  weight  lossej 
in  this  test.  In  the  study  of  asphalt  cementl 
recently  conducted  by  Public  Roads  (7),  thl 
highest  loss  shown  by  any  of  the  85-100  peni 
t  ration  grade  asphalts  was  2.18  percent! 
Eighty-seven  percent  of  the  85-100  material 
in  that  investigation  had  losses  of  0.5  percent 
or  less.  The  coal-modified  tar  binder  wa 
different  from  asphalts  with  respect  to  volaj 
tility,  as  evidenced  by  its  loss  of  10  percent  al 
325°  F.  The  loss  for  the  RT-12  tar  was  11.1 
percent  at  325°  F.;  thus,  the  results  for  th 
two  tar  materials  generally  were  comparable 

Figure  4  illustrates  the  relative  hardenmJ 
characteristics  of  the  three  binders  as  measure! 
by  the  percent  of  original  penetration  retained 
after  the  thin-film  test  at  various  test  teml 
peratures.      The  wide  differences  between  thi 
tar    products    and    the    asphalt    again    wal 
illustrated.      Different     asphalts,     of     course! 
show  different  percentages  of  retained  penetr; 
lion,   but   the   percentage  never  would   be  al 
low  as  that  shown  by  the  tar  products.     Fol 
example,  the  asphalt  showing  the  highest  los 
encountered   with    85-100    penetration    grad 
materials,    which   was   described   in    the    pre 
ceding  paragraph,  had  a  retained  penetratioi 
of   33   percent.     This   is   considerably    highe 
than  the  1  and  3  percent  shown  by  the  twe 
tar  materials  under  the  same  conditions. 

Note  that,  although  the  hardening  o 
asphalt  in  the  thin-film  oven  test  has  beei 
related  to  the  hardening  in  an  asphalt  durinj 
mixing  in  a  hot  plant,  no  information  i 
available  concerning  the  relation  of  th 
hardening  of  tar  materials  in  such  tests  to  th 
actual  hardening  occurring  in  the  mixing  am 
laying  operations.     Because  of  the  relatively 
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irge  amount  of  volatile  matter  in  tar  products, 

is    possible    that    the    long    time    of    oven 

xposure,  compared  to  the  time  the  mixture  is 

t   high   temperature  prior  to  compaction  on 

,,.  road,  would  produce  considerably  greater 

Jardening   in    these    materials    than    actually 

•ould  be  encountered  in  construction  opera- 

ons.     Nevertheless,    it    is   believed   that  the 

slationships    shown     are     important:     They 

mphasize  the  fad  that  the  coal-modified  tar 

finder  has  properties  different  from  those  of 

sphall    and.   therefore,   it    is   not    realistic  to 

bnsider    this    material    as    an    alternate    to 

sphall   in  all  respects. 


Stiulies  of  Laboratory  Mixtures 

I  To  further  compare  the  behavior  of  the 
oal-niodified  tar  binder,  RT-12  tar,  and 
sphalt  cement,  the  characteristics  of  labora- 
ory  prepared  mixtures  made  with  each  binder 
/ere  compared  under  several  conditions.  The 
tianges  in  stability  after  various  periods  of 
■ven  aging  and  after  various  periods  of 
tnmersion       in       water       were       determined. 

IVnother  series  of  stability  tests,  at  different 
emperatures,  was  made  to  evaluate  the  effect 
if  the  previously  observed  differences  in  the 
iscosity-temperal  lire  relations  of  the  binders. 
Because  of  the  relatively  wide  differences  in 
he  specific  gravities  of  the  three  binders,  all 
)f  the  laboratory  mixtures  prepared  for  the 
rarious  phases  of  this  part  of  the  study  were 
lesigned  using  equal  volumes  of  binder  per 
|init  weight  of  aggregate  (5.85  milliliters  of 
Milder  per  100  grams  of  aggregate).  This 
Ivas  considered  to  provide  a  better  basis  for 
•omparison  than  test  mixtures  prepared  with 
lerceiitages  of  binder  on  an  equal  weight 
lasis.  Because  of  the  differences  in  tem- 
perature susceptibility,  the  mixing  and  mold- 
ing temperatures  were  controlled  so  that  the 
'urol  viscosities  of  the  binders  were  approxi- 
mately the  same  for  each  individual  phase  of 
the  study. 

The  aggregates  for  all  of  the  mixtures  were 
lieated  overnight  at  the  predetermined  mixing 
emperatures.  The  binders  were  heated  to 
n  this  mixing  temperature  just  prior  to  the  mix- 
ng  with  the  preheated  aggregates  in  a  modified 
rlobart  mechanical  mixer.  The  mixing  period 
was  2  minutes.  Marshall  specimens  were 
prepared  in  a  mechanical  compactor  with  50 
)lows  of  the  hammer  applied  to  each  face  of 
the  specimen.  The  specimens  for  the  uncon- 
fined  compression  test  were  molded  by  the 
double-plunger  method  with  a  3,000  p.S.i. 
■load  held  for  2  minute-. 

Marshall  Stability 

To  determine  the  effect  of  laboratory  aging 
tests  on  the  strength  of  mixtures  as  measured 
by  Marshall  stability,  specimens  were  prepared 
with  the  three  binders,  as  received.  In 
addition,  specimens  were  prepared  with  the 
RT-12  tar  in  which  10  percent  of  the  tar  was 
replaced  by  powdered  coal,  in  order  to  obtain 
some  measure  of  the  filler  effect  of  the 
powdered  coal.  As  stated  previously,  all  of 
the    mixtures    were    proportioned    with    the 
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Tabic  2. 

— Test  properties  of  Kentucky  binders 
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Figure  2. — Furol  viscosity  <>/'  binders  at  various  temperatures. 
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Tabic  .'{. — Effect  of  oven  exposure  al  various  temperatures 
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binder  on  an  equal  volume  basis  and  were 
mixed  and  molded  at  an  approximately  equal 
furol  viscosity.  After  molding,  one  group  of 
specimens  was  tested  immediately  and  the 
balance  was  aged  in  an  oven  at  a  temperature 


of  140°  F.  for  periods  ranging  from  1  to  30 
days.  After  each  aging  period,  Marshall 
stability  was  determined  at  a  temperature  of 
140°  F.  The  stabilities  obtained,  along  with 
pertinent   informal  ion   on   proportioning    and 
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mixing,  are  given  in  table  4.  The  effect  ( 
aging,  illustrated  in  figure  5,  shows  that  tb 
stability  for  all  materials  increased  with  agin 
in  the  oven,  and  that  the  increase  in  slahilit 
for  the  coal-modified  1ar  binder  was  sig 
nificantly  greater  than  that  obtained  wit 
either  the  asphalt  or  the  RT-12  tar. 

The  previous  oven-loss  tests  had  indicate 
that  the  RT-12  tar  had  slightly  greate 
volatility  than  the  coal-modified  tar  binde 
and,  therefore,  a  somewhat  greater  increase  ii 
stability  would  be  expected  for  the  RT-1 
mixture  if  such  an  increase  were  attribute 
to  volatility  alone.  Also,  if  the  effect  of  th 
powered  coal  were  primarily  a  mechanic! 
effect  of  increased  fine  material,  the  stabilitie 
of  the  RT-12  tar  mixtures  to  which  th 
powdered  coal  had  beeen  added  would  b 
expected  to  more  nearly  equal  those  obtaine 
with  the  mixtures  of  coal-modified  tar  binde 
than  the  stabilities  of  the  RT-12  mixtures 
However,  as  can  be  seen,  the  data  did  nc 
support  such  suppositions.  Although  th 
mixtures  containing  the  powdered  coal  di 
have  higher  stabilities  for  the  same  condition; 
this  increase  in  stability  accounted  for  onl 
a  very  small  proportion  of  the  total  increas 
in  stability  shown  by  the  coal-modified  ta 
binder  mixtures.  These  results  indicate 
that  some  factor,  such  as  the  developmen 
of  internal  structure,  contributes  to  a  consider 
ably  greater  increase  in  the  stability  of  th 
coal-modified  tar  binder  than  can  be  accounti 
for  by  the  increase  in  viscosity  caused  by  los 
of  volatile  matter  or  by  the  effect  of  coal  a 
a  filler. 

Effect  of  aging 

To  further  explore  the  relative  tendenc; 
of  the  three  binders  to  exhibit  a  differenc 
in  characteristics  upon  aging,  a  special  serie 
of  viscosity  tests   was  conducted,  as  follows 

Sliding  plate  viscosity  specimens  were  pa 
pared  in  the  usual  manner  for  viscosity  deter 
mination  with  the  microviseometer,  and  th 
initial  viscosity  was  determined  at  77° 
within  15  minutes  after  preparation  of  th 
specimens  had  been  completed.  The  sides  o 
the  glass  plates  then  were  taped  with  a  nonpe 
meable  plastic  tape  to  minimize  volatile  losses 
and  the  specimens  were  placed  in  an  oven  a 
a  temperature  of  110°  F.  Absolute  viscosit 
determinations  at  77°  F.  were  made  on  th 
same  specimen  after  periods  of  1,  5,  8,  and  1 
days.  Immediately  after  the  viscosity  dete 
mination  on  the  13th  day,  the  specimens  wei 
heated  above  their  softening  points  to  a  tern' 
perature  of  150°  F.  and  the  viscosity  at  77 
F.  was  redetermined.  This  procedure  wa 
used  to  obtain  a  measure  of  the  nonpermanen 
hardening  that  had  occurred.  Results  o 
these  tests  are  given  in  table  5  and  are  showi 
graphically  in  figure  6.  The  vertical  compo 
nents  of  the  lines  in  the  figures  at  the  lo-da; 
period  indicate  the  change  in  viscosity  tha 
occurred  after  the  specimens  were  heated. 

Although  there  are  some  inconsistencies  ii 
the  data,  viscosity  of  all  three  binders  in 
creased  during  oven  aging.  For  the  RT-1! 
tar,  the  viscosity  increased  when  the  specimei 
was  healed  above  its  softening  point  after  1 
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ays  of  aging.     Thus  any   possible  develop- 
ent  of  structure  or  reversible  hardening  was 
asked    by   a    permanent    hardening,    which 
cpbably  was  caused  by  an  unavoidable  loss 
f  volatile    matter.     However,    for    both    the 
sphalt     cement    and    the    coal-modified    tar 
inder,   viscosity  at    77°  F.  decreased  signifi- 
ntly   after    heating   of  the   specimens   to    a 
femperature    above    the    softening   point  and 
scooling.    This  decrease  amounted  to  approxi- 
lately  64  percent  of  the  total  increase  for  the 
oal-modified  tar  binder  and  to  approximately 
2    percent    of    the   increase    for   the    asphalt 
ement. 

The  tendency  for  bituminous  materials  to 
xhibit  such  hardening  through  the  develop- 
ment of  internal  structure  with  time  is  well- 
ecognized.  Lee  and  Dickinson  (§)  attributed 
his  phenomenon  in  tars  to  the  possible  crystal- 
zation  of  constituents  or  to  a  change  in  degree 
f  the  dispersion  of  colloidal  constituents. 
Srown,  Sparks,  and  Smith  (9)  in  discussing 
his  phenomenon  in  asphalts  attributed  it  to 
internal  physical  reorientation  and  re- 
rganization  at  the  atomic,  molecular,  and 
nicelle  levels,  of  the  components  of  the  as- 
phalt." Although  this  study  was  not  conclu- 
ive,  the  results  of  oven-aging  tests  on  both 
he  mixtures  and  binders  indicate  that  the 
oal-modified  tar  binder  may  exhibit  the  tend- 
ncy  to  develop  structural  hardening  to  a 
nuch  greater  extent  than  either  an  ordinary 
ar  or  an  asphalt.  The  effect  of  this  phenom- 
enon on  the  behavior  of  the  materials  in  pave- 
aents  should  be  considered  in  any  further 
esearch  on  such  materials. 

Effect  of  Water  on  Compressive 
Strengtli 

An  important  property  of  a  bituminous 
nix  is  its  ability  to  resist  loss  of  strength  in 
he  presence  of  water.  To  show  this  charac- 
eristic,  immersion-compression  tests  wen' 
nade  using  two  types  of  aggregate,  a  quartz- 
te  and  a  granite,  both  of  which  were  rela- 
ively  sensitive  to  water,  as  had  been  shown 
)y  previous  Public  Roads  studies.  Each  of 
he  aggregates  was  crushed  and  then  recom- 
piled to  the  same  grading  as  that  of  the  aggre- 
gate obtained  from  the  experimental  project 
n  London,  Ky.  Only  the  coal-modified  tar 
ind  asphalt  binders  were  used  in  this  phase 
if  the  study. 

Table  6  gives  the  results  of  compressive 
trength  tests  on  the  specimens  before  im- 
mersion and  after  immersion  in  water  at  120° 
F.  for  periods  up  to  18  days.  The  retained 
trengths  and  percentages  of  swell  after  each 
period  also  are  given  along  with  information 
concerning  the  mixture  composition  and 
mixing  temperatures. 

The  results  of  the  compressive  strength  test 
at  77°  F.  and  the  percent  of  retained  strength 
after  various  periods  of  immersion  are  plotted 
in  figure  7.  These  results  show  that  the  modi- 
fied tar  binder  had  higher  initial  strengths  than 
the  asphalt  cement  wit  h  each  aggregate.  The 
percentages  of  retained  strengths  were  also 
higher  for  specimens  of  each  of  the  mixtures 
containing  the  coal-modified  tar  binder  than 
for    the     comparable     specimens     containing 


Table  4.— Effect  of  oven  aging  at  140°  F.  on  Marshall  stability 


Specific  gravity  of  binder  at  77°/77°  F 

Weight  of  binder  per  100  g.  of  aggregate  "                    "o" 

Volume  of  binder  per  100  g.  ol  iggregate "~mi 

Mixing  temperature2 "o  F" 


-Marshall  stability  at  140° 
for:  3 


E".  after  ag;ng  in  oven  at  140°  F 


(J  days pounds. 

do... 


3  days    . 
10  days.  . 

30  days.,. 


.do... 

-do. 

.do 


RT-12 

7.40 
■J  10 

132 
180 
243 
311 
571 

RT-12 

+ 
coal  i 


110 


139 
210 

301 
456 

s:,r, 


<  !oal  modi- 
fied tar 
binder 


1.267 
7  41 

5.  85 
243 


321 

817 
! .  334 
'J.  569 


Asphalt 
cement 


1.019 

5  '.«; 
.V  85 
300 


238 
292 
336 

410 
574 


J  Ten  percent  by  weight  of  the  tar  was  replaced  by  powdered  coal  used  in  manufacturing  coal-modified  bin.  tor 

-  -Mixing  temperature  was  adjusted  to  give  approximate  equal  viscosity  for  all  binders  (120  Saybolt  furoF seconds) 

3  Average  of  4  specimens.    Aggregate  was  same  as  that  used  in  Kentucky  experiment  and  was  graded  as  follows-  ' 

Sievesize:  ^in-  Hln.  Nro.  4  No.  10  No.  20  No   40  No  80  Vo'Oo 

Percent  passing:  loo  98  72 


47 


34 


Table  5. — Increase  in  viscosity  with  lime  of 
oven  aging  at  110°  F. 


Aging 
pei  iod  ' 

Viscosity  at  77°  F. 

RT-12  tar 

<  'oil-modified 
tar  binder 

Asphalt 
cement 

Days 
0 
1 

8 

13 

-13   X 

Poises 
H.3X10  3 
380 
392 
609 
921 
1,  050 

Poises 
1,890X103 

2.  000 
2,830 

1.220 
0,  770 
3,660 

Poises 

1.230X103 

1,520 

1,870 

1,840 

2,480 

2.210 

1  Sealed  specimens  aged  in  oven  at  no0  F. 

2  Specimens  heated  to  150°  E\  after  13-day  determination 
and  viscosity  determination  repeated 


Table  6. — Kffeet  of  immersion 

in  water  at  120°  F.  on 

compressive  strength 

Quartzite  ' 

Granite  ' 

Coal- 
modified 

tar  binder 

Asphalt 
cement 

Coal- 
modified 
tar  binder 

Asphalt 
cement 

Weight  of  binder  per  100  g.  aggregate- 

7.41 
5.85 
240 

258 

223 
80 
0.  l 

39 
93 
0.2 

237 
92 
0.  2 

5.  90 
5.85 
300 

151 

100 

66 
0.5 

93 
62 

o.  S 

84 
56 

1.4 

7.41 
5.85 
240 

363 

237 
05 
1.0 

212 
58 
1.3 

209 
58 
1.4 

5.96 

5. 85 
300 

257 

103 
03 

1    0 

131 
51 
1.5 

129 
50 

1.5 

Volume  of  binder  per  100  g.  aggregate... 
Mixing  temperature  2 

ml.. 

°  f 

ComDressive  strength  before  immersion  3  .. 
Results  3  after  4  days  of  immersion: 
Compressive  strength 

Retained  strength 

Swell 

do 

Results  3  after  11  days  of  immersion: 
Compressive  strength 

Retained  strength 

Swell _ 

do 

Results  3  after  18  days  of  immersion: 

Compressive  strength 

Retained  strength .     _. 

Swell 

p.s.i.. 

percent.. 

do.... 

'  Gradation  of  both  mixtures  was  as  follows: 

Sievesize:  &in.  %  in.  No.  4  No.  10  No.  40  No.  SO 

Percent  passing:  loo  98  72  47  17  3  1.4 

2  Mixing  temperature  was  adjusted  to  give  approximate  equal  binder  viscosity  (120-150  Saybolt  furol  seconds). 

;  All  results  based  on  average  for  three  test  cylinders,  4  inches  in  diameter  and  4  inches  high,  tested  at  77°  F. 

Table  7. — Variation  of  compressive  strength  with  test  temperature 


Specific  gravity  of  binder  at  77°/77°  F 

Weight  of  binder  per  100  g.  aggregate - 

Volume  of  binder  per  100  g.  aggregate ml 

Mixing  temperature  ' °  F 

Compressive  strength,2  p.s.i.,  at: 

0°  F 

36°F .  

75°  F 

100°  F 


RT-12  tat 

Coal-modified 
lar  binder 

Asphalt  cement 

1.265 

1 .  267 

1.019 

7.40 

7.41 

5.  96 

5.  85 

5.85 

5.85 

220 

265 

320 

5. 197 

5.  441', 

2.  568 

1.503 

2.35S 

912 

220 

544 

291 

86 

236 

143 

i  Mixing  temperature  was  adjusted  to  give  approximately  equal  viscosities  for  all  binders  (70-100  see.). 
2  Each  result ;  represents  the  average  for  three  tests  on  cylinders,  3  inches  in  diameter  and  3  inches  high.     Aggregate  was 
composed  of  58  percent  crushed  granite  ('A  in.  to  No.  10);  37  percent  river  sand  (passing  No.  10);  ami  5  percent  lime- 
stone dust.    Gradation  was,  as  follows: 

Sievesize:  ]••  in.  No.  4  No.  10  No.  20  No.  4"  No.  80  No.  200 

Percent  passing:  100  90  57  12  23  20  5.2 
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Figure    t. — Resistance   to  hardening  at   various   test   temperatures   (}/%-in.  film,   5  hours). 
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Figure  .». — Increase  in  Marshall  stability  during  time  of  aging  in  oven. 


asphalt  and  the  same  aggregate.  Although 
the  results  for  t  he  mixtures  made  with  quarta 
ite  aggregate  and  coal-modified  tar  binde 
were  somewhat  erratic,  the  strengths  at  4  day, 
being  less  than  those  at  12  and  18  days,  thesi 
mixtures  appeared  to  have  been  affected  ven 
little  by  water. 

Effect  of  Temperature  on  Unconfinm 
Compressive  Strength 

Because  of  the  differences  in  viscosity 
temperature  susceptibility  of  the  coal-modifie1 
tar  binder,  RT-12  tar,  and  asphalt  binders 
the  relative  change  in  stability  with  tempera 
ture  was  of  interest.  For  this  series  of  tests 
compressive  strength  cylinders,  3  inches  ii 
diameter  and  3  inches  high,  were  used.  A 
with  the  other  test  series,  the  binders  wer 
added  on  an  equal  volume  basis  and  th 
mixtures  were  prepared  at  equal  furol  vis 
cosities.  The  aggregate  for  this  series  of  test: 
consisted  of  crushed  granite  as  the  coarsi 
aggregate,  river  sand  as  the  fine  aggregate 
and  limestone  dust  as  the  mineral  filler.  Thi 
specimens  were  tested  for  stability  by  un 
confined  compressive  strength  tests  over 
range  of  temperatures  from  0°  F.  to  100°  F 
The  results  of  these  tests,  mixture  composition 
and  mixing  conditions  are  given  in  table  7. 

The  relationships  of  strength  to  tempera 
ture  for  the  three  binders  are  shown  in  figun 
8.  These  results  followed  the  generally 
expected  pattern;  they  were  in  the  sarm 
order  as  viscosity-temperature  susceptibilit; 
of  the  binders  themselves.  Compressiv 
strength  decreased  as  the  temperature  in 
creased,  with  the  rate  of  decrease  beinj 
greatest  for  the  RT-12  tar  and  least  for  Hi 
asphalt  cement.  It  is  of  interest  to  nob 
that,  when  the  curves  for  the  asphalt  an< 
coal-modified  tar  binders  were  extended,  thi 
coal-modified  tar  binder  showed  highe 
strength  at  140°  F.,  the  maximum  tempera 
lure  usually  found  in  pavements.  Thus  i 
was  indicated  that  the  coal-modified  ta 
binder  of  the  consistency  used  in  these  lest 
would  provide  higher  stabilities  than  th 
85-100  penetration  asphalts  at  any  tempera 
ture  that  would  be  encountered  in  service 
This  was  not  true  for  the  RT-12  tar;  th< 
curve  intersects  the  asphalt  curve  at 
temperature  of  67°  F.,  thus  indicating  tha" 
this  material  would  have  significantly  lowei 
stability  at  140°  F.  It  is  of  further  interes' 
to  note  the  extremely  high  compressiv.. 
strengths  shown  for  the  coal-modified  tai 
and  the  RT-12  tar  at  0°  F.  These  strength! 
arc  approximately  double  those  of  the  asphah 
and  are  in  the  range  of  the  strength  of  port- 
land  cement  concrete. 

The  relation  of  the  data  obtained  in  these 
laboratory  tests  to  stability  of  the  pavement 
after  construction  is  not  known.  However 
I  he  conditions  of  laboratory  mixing,  com- 
paction, and  testing  were  such  that  the  hard- 
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ung  occurring  would  most  likely  have  been 
!ss  than  actually  occurs  in  construction, 
[so,  the  tar  materials  would  be  expected  to 
diibit  greater  differences  between  laboratory 
ad  field  specimens  than  asphalts.  Thus,  it 
m  be  surmised  that  actual  differences  in 
ie  stabilities  of  pavements  made  with  the 
ifferenl  materials  would  be  greater  than 
I  hose  indicated  by  these  tests. 

As  no  evaluation  of  the  brittleness  or 
ssistance  to  abrasion  of  the  various  mixtures 
as  made,  compressive  strengths  of  the  mag- 
itude  indicated  by  the  tar  materials  at  low 
■tnperatures  should  not  necessarily  be  con- 
rued  as  being  advantageous.  It  is  likely 
tiat  pavements  containing  such  mixtures 
ould  be  subject  to  abrasion  losses  and 
racking  at  low  temperatures,  and  that  such 
istress  would  be  accelerated  by  any  harden- 
ig  of  the  binders  in  service.  The  perform- 
nce  of  these  materials  in  the  Kentucky 
xperiments  seemed  to  indicate  such  defi- 
fencies. 
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Figure  6. — Effect  of  aging  at  110°  F.  on  binder  viscosity. 
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Figure  7. — Effect  of  water  immersion  on  stability. 
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Figure  8. — Variation  of  compressive  strength  with  temperature. 
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Comparison  of  the 

Splitting  Tensile  Strength  of  Concrete 

with  Flexural  and  Compressive  Strengths 


3Y  THE  DIVISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  i  by  WILLIAM  E.  GRIEB  and 
GEORGE  WERNER,  Highway  Research  Engineers 


Introduction 

\    RELATIVELY  simple    test    for    deter- 

fl  mining  the  tensile  strength   of   concrete 

I  yas  devised  about  15  years  ago;  it  was  de- 

■  Veloped  independently  in  Japan  by  Akazawa 
I  /)2  and  in  Brazil  by  Carneiro  and  Barcellos 
W2).  This  test  is  known  as  the  splitting 
I  ensile  or  the  indirect  tensile  test.  Because  i1 
■has  a  number  of  advantages  over  the  beam 
l;;est  for  flexural  strength  or  the  direct  tensile 
■oest  on  cylinders,  this  test  has  been  received 
I  with  favor  in  the  United  States  for  use  in 

■  determining  the  tensile  strength  of  concrete. 
I The  splitting  tensile  test  usually  is  made  on  a 
1 6-   by    12-inch    cylinder   and    no    capping   or 

grinding  of  bearings  is  necessary  when  proper 
molds  are  used,  and  special  grips  are  not 
required.  The  breaks  at  the  failure  of  the 
specimen  are  through  the  vertical  diametral 
plane  and  the  location  of  the  break  does  not 
change  as  it  does  in  the  flexural  beam  test  or 
the  direct  tensile  test.  Furthermore,  the 
specimens  are  usually  smaller  and  less  sus- 
ceptible to  damage  than  the  specimens  used  for 
the  other  two  types  of  tension  tests.  Also, 
moisture  content  of  the  splitting  tensile  cyl- 
inder has  less  effect  on  the  tensile  strength 
than  moisture  content  of  a  concrete  beam  has 
on  flexural  strength.  A  standard  method  for 
making  the  splitting  tensile  test  has  been 
proposed  by  the  ASTM  Committee,  C-9,  on 
Concrete  and  Concrete  Aggregates. 

Although  an  appreciable  number  of  labora- 
tories in  the  United  States  have  used  the 
splitting  tensile  test,  most  of  the  published 
data  about  it  have  been  developed  in  Europe. 
Wright  (S)  and  Thaulow  (4)  concluded  from 
their  studies  that  splitting  tensile  strength  is 
affected  less  by  the  moisture  content  of  the 
concrete  than  flexural  strength,  and  that  the 
splitting  tensile  test  provides  more  uniform 


1  Presented  at  the  65th  annual  meeting  of  the  American 
Society  for  Testing  and  Materials,  New  York,  N.Y.,  June 
1962. 

!  References  indicated  by  italic  numbers  in  parentheses  are 
listed  on  page  100. 
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Much  interest  has  been  shown  in  the  use  of  the  splitting  tensile  test  for  deter- 
mining the  direct  tensile  strength  properties  of  concrete  because  of  the  question- 
able results  sometimes  obtained  from  other  tensile  tests.  The  splitting  tensile 
test  was  developed  more  than  10  years  ago  and  has  been,  used  successfully  in 
other  countries,  but  its  use  in  the  United  States  has  been  limited.  Although 
American  research  laboratories  are  familiar  with  the  splitting  tensile  test, 
little  research  data  has  been  published.  Consequently,  information  on  correla- 
tion of  this  test  and  the  more  familiar  tests,  such  as  the  flexural  and  compressive 
strength  tests,  are  required  for  evaluation  of  the  usefulness  of  this  lest. 

As  a  step  toward  meeting  the  need  for  evaluation  of  the  splitting  tensile  test, 
more  than  6,000  concrete  specimens  were  tesled  in  the  laboratory  of  the  Bureau 
of  Public  Roads  to  compare  the  splitting  tensile  strength  test  residts  with  those 
obtained  from,  flexural  and  compressive  strength  tests.  The  concretes  used 
in  the  tests  were  prepared  with  crushed  stone,  gravel,  and  lightweight  aggregates. 
in  analysis  of  the  results  of  these  tests  is  presented  in  this  article.  Results 
showed  a  straightline  relation  between  the  splitting  tensile  strength  and  the 
flexural  strength.  The  relation  between  the  splitting  tensile  and  com- 
pressive strengths  was  curvilinear.  The  maximum  size  and  the  type  of  aggre- 
gate used  in  the  concrete  mixture  had  an  effect  on  the  ratio  of  the  splitting 
tensile  strength  to  the  flexural  and  compressive  strengths.  These  tests  also 
showed  that  the  splitting  tensile  strengths  are  not  affected  as  much  as  the 
jlexural  strengths  by  the  moisture  condition  of  the  specimens  at  the  time  of 
testing. 


results  than  other  types  of  tensile  tests.  Test 
results  indicated  that  splitting  tensile 
strengths  are  about  one-and-a-half  times 
greater  than  those  obtained  from  direct  tensile 
tests  and  about  two-thirds  of  those  obtained 
from  flexural  tests. 

Two  investigators  in  the  United  States 
recently  published  separate  reports  on  results 
of  the  splitting  tensile  test.  Mitchell  (5) 
evaluated  the  splitting  tensile  test  as  a  meas- 
ure of  the  tensile  strength  of  concrete.  He 
also  discussed  the  different  theoretical  con- 
siderations of  failures  of  brittle  materials  and 
concluded  that  the  Mohr  theory  is  a  satis- 
factory means  of  expressing  failure  conditions 
in  this  test.  Hanson  (6)  suggested  the  use  of 
a  combination  of  the  compressive  strength 
and  splitting  tensile  strength  tests  to  deter- 
mine the  resistance  of  lightweight  concrete  for 
structures  to  shear  and  diagonal  tension.  He 
reported    that    the   splitting   tensile    strength 


correlates  with  the  diagonal  tension  or  shear 
capacity  of  lightweight  concrete  in  beams 
loaded  to  failure.  He  further  indicated  that 
the  flexural  strength  test  results  can  be 
erratic  when  moisture  distribution  in  beams  is 
not  uniform  and  that,  therefore,  flexural 
strength  cannot  be  correlated  directly  wit  h 
the  load  performance  of  concrete  in  structural 
members.  The  thought  was  expressed  that 
the  nonuniform  distribution  of  moisture  in 
concrete  prepared  for  tests  does  not  affect  the 
uniformity  of  either  splitting  tensile  strengths 
or  compressive  strengths  as  much  as  it  affect  s 
flexural  strengths. 

Tests  by  the  Bureau  of  Public  Roads 

Tests  have  been  made  in  the  laboratory 
of  the  Bureau  of  Public  Roads  during  the 
10-year  period,  1951-1961,  to  determine  the 
relation  shown  between  the  splitting  tensile 
flexural,  and  compressive  strengths  of  many 
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concretes.  During  this  period,  more  than 
2,000  tests  of  each  type  were  made.  The 
major  variables  in  these  tests  were:  the 
typi  i   of  coarse  aggregate,  I  he  cemenl 

content,   the   moisture   contenl    of  specimen 
when  they  were  tested,  and  the  age  of  the 
concrete  at  time  of  the  test. 

The  specimens  were  prepared  and  tested  in 
accordance  with  the  applicable  ASTM  meth- 
ods and.  except  when  so  noted,  were  continu- 
ously moist  cured  until  test.  The  splitting 
tensile  and  compressive  tests  were  mad''  on 
G-  by  12  inch  cylinders,  and  the  flexural  tests 
were  made  on  6-  by  6-  by  21-inch  beams  thai 
were  loaded  at  the  third  points.  All  speci- 
mens were  cast   in  metal  molds. 

Most  of  the  splitting  tensile  tests  were  made 
in  connection  with  other  investigations;  con- 
sequently, materials,  mixes,  and  ages  of 
concrete  differed  greatly.  Twelve  different 
brands  of  cemenl  and  four  different  siliceous 
sands  that  had  fineness  moduli  ranging  from 
2.60  tn  3.00  wen-  used  in  the  tests.  The  age 
of  specimens  at  time  of  test  ranged  from  7  to 
365  clays,  and  the  cement  conten!  ranged 
from  4.0  to  8.0  bags  per  cubic  yard  of  concrete. 
To  develop  comparative  data  on  tensile, 
flexural,  and  compressive  strength  test  re- 
sults, one  specimen  for  each  type  of  test  was 
made  from  a  single  batch  of  concrete;  these 
specimens  were  cured  in  the  same  manner 
and  tested  at  the  same  age. 

Conclusions 

The  results  of  tests  made  in  the  laboratory 
of  the  Bureau  of  Public  Roads  warrant  the 
following  conclusions. 

For  a  given  coarse  aggregate  and  method  of 
(airing,  a  linear  relation  exists  between  the 
splitting  tensile  strength  and  the  flexural 
strength  of  concrete.  The  relation  between 
the  splitting  tensile  strength  and  the  compres- 
sive strength  of  concrete  is  curvilinear. 

The  relation  between  splitting  tensile 
strength  and  flexural  strength  differs  according 
to  the  type  and  maximum  size  of  the  coarse 
aggregate  used.  The  relation  between  split- 
ting tensile  strength  and  compressive  strength 
also  differs  according  to  the  type  and  maxi- 
mum size  of  the  coarse  aggregate  used. 

For  a  given  coarse  aggregate  and  method  of 
curing,  the  ratio  of  the  splitting  tensile 
strength  to  the  flexural  strength  is  constant, 
and  this  relation  is  not  affected  by  either  the 
cement  content  of  i  he  concrete  or  the  age  a1 
test.  The  ratio  of  the  splitting  tensile 
strength  to  the  compressive  strength  decreases 
as  the  compressive  strength  increases;  there- 
fore, this  ratio  is  affected  by  both  the  con- 
crete's  cement  content  and  the  age  at  test. 

For  moist-cured  specimens,  the  splitting 
tensile  strength  averaged  approximately  five- 
eighths  of  the  flexural  strength  for  gravel 
concrete,  two-thirds  of  the  flexural  strength 
for  limestone  concrete,  and  three-fourths  of 
the  flexural  strength  for  lightweight  aggregate 
concrete.  Similar  results  are  not  given  for  t  lie 
splitting  tensile  and  compressive  strengths 
because  of  the  nonlinear  relation  that  existed 
be!  wren  I  hese  strengths. 


The  splitting  tensile  strength  of  the  concrete 
was  affecte  I  less  by  drying  than  the  flexural 
si rength.  This  effect  was  more  pronounced 
for  concrete  prepared  with  lightweight  ag- 
gregates  than  for  concrete  made  with  natural 
aggregates.  The  reduction  in  splitting  tensile 
strength  caused  by  drying  was  greater  than 
tin  reduction  in  compressive  strength  of  the 
concrete. 

No  appreciable  difference  existed  between 
the  unit  splitting  tensile  strength  of  6-  by 
6-inch  and  6-  by  12-inch  cylinders. 

Description  of  Test 

A  brief  description  of  the  method  used  by 
Public  Roads  to  make  the  splitting  tensile 
tesl  follows.  To  avoid  excessive  repetition, 
the  splitting  tensile  test  is  referred  to  as  the 
"splitting"  test.  A  6- by  12-inch  cylinder  was 
placed  horizontally  between  the  bearing  block 
on  the  platen  and  the  upper  spherically-seated 
bearing  block  of  a  compression  testing  machine 

Table  1. — Comparison  of  splitting  tensile 
strength  with  flexural  and  compressive 
strengths  of  concrete  containing  lV^-inch 
crushed  stone  ' 
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Figure  1. — Cylinder  in  testing  machine  fo1 
splitting  tensile  test. 

so  that  the  bearing  load  was  applied  to  op 
posite  elements  of  the  cylinder.  Strips 
plywood,  about  one-eighth  of  an  inch  thick 
three-fourths  of  an  inch  wide,  and  twelv 
inches  long,  were  placed  on  the  upper  am 
lower  bearing  elements  of  the  cylinder  ti 
ensure  uniform  bearing  pressure.  The  cyl 
inder  was  positioned  so  that  the  center  of  it 
upper  bearing  element  coincided  with  the  cen 
ter  of  the  upper  bearing  block  of  the  testiiu 
machine.  Figure  1  shows  a  cylinder  posi 
tioned  in  the  testing  machine  prior  to  beinf 
loaded.  The  load  was  applied  at  the  rate  o 
150  p.s.i.  per  minute.  In  the  proposed  ASTM 
method,  the  load  is  to  be  applied  at  a  rate  ii 
the  range  of  100  to  200  p.s.i.  per  minute  oi 
approximately  11,000  to  23,000  pounds  pei 
minute  for  a  6-  by  12-inch  cylinder.  Whei 
the  cylinder  failed,  it  split  through  the  centei 
and  little  shattering  occurred.  A  typical 
break  is  shown  in  figure  2. 

The  following  formula  3  was  used  to  calcu 
late  the  splitting  tensile  strength  of  the 
specimen: 

IP 

t  Id 
Where, 

T—  Splitting  tensile  strength,  p.s.i. 
P=  Maximum     applied     load     at     failure 
pounds. 

1  =  Length  of  cylinder,  inches. 

d=  Diameter  of  cylinder,  inches. 

Effect   of   Type   of  Coarse  Aggregate 

A  study  was  made  to  determine  the  effect 
that  the  type  of  coarse  aggregate  has  on  the 
relation  of  splitting  strength  to  the  flexun 
and  compressive  strengths  of  concrete.  Speci- 
mens were  made  from  concretes  prepared  with 
a  crushed  limestone  from  a  single  source,  a 
gravel  from  a  single  source,  and  lightweight 
fine  and  coarse  aggregates  from  10  different 
sources.  When  natural  sand  was  used,  it  was 
obtained  from  a  single  source. 


T= 


i  Each  strength  was  the  average  result  for  five  tests.  Speci- 
mens were  stored  in  moist  air  until  tested.  Cement  content 
ranged  from  4  to  7'A  bags  per  cubic  yard  and  age  at  test 
raniri-d  from  7  to  365  da; 


3  For  derivation   of  formula,   see   reference   to    Wright's 
article  (3). 
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Jigitre  2. — Typical  break  in  splitting  tensile 
test. 

■onerete  prepared  with  crushed  limestone 

The    splitting,    flexural,    and    compressive 
rengths   of  48   concrete   mixtures   prepared 


jze  of  \y2 

inches 

ire  shown  in  table  1.     The 

;sults  liave  been  tabulated  in  order  of  ascend- 
ing splitting  strengths.    The  cement  content  of 

lis  concrete  ranged  from  4  to  lx/-i  bags  per 

ibic  yard,  and  the  age  of  the  specimens  at 

me  of  test  was  from  7  to  365  days;  therefore, 

wide    range    in    strengths    resulted.       The 

ditting-flexural     and     splitting-compressive 

rength  ratios  of  identical  concretes,  expressed 

s  percentages,  also  are  given  in  table  1.     The 

fable  2. — Comparison  of  splitting   tensile 

strength   with   flexural   and   compressive 

strengths  of  concrete  containing  lVfc-inch 

gravel ' 

Splitting 

strength 

(S) 

Flexural 

strength 
(F) 

Ratio 
S  to  F 

Compres- 
sive 

strength 
(CO 

Ratio 
S  to  C 

P.s.i. 

150 
250 
1          260 
270 
280 

P.s.i. 
250 

450 
410 
400     " 
400 

Percent 
CO 
56 
63 
68 
70 

P.s.i. 
1, 180 
1,960 
2,  130 

2, 330 

1,940 

Percent 
12.  7 
12.8 
12.  2 
11.6 
14.4 

280 
295 
300 
320 
335 

410 
505 
530 
510 
525 

68 
58 
57 
63 
64 

2,  060 
2,  680 
2,980 
6, 860 
2,  600 

13.6 
11.0 
10.1 
11.2 
12.  9 

341) 
345 
355 
355 
360 

580 
555 
540 
670 
625 

59 
62 
66 
53 
58 

3,110 
3,130 

3,  440 
3.960 
3,240 

10.9 
11.0 
10.3 
9.0 
11.  1 

360 
365 
365 
370 
375 

670 
690 
630 

740 
670 

54 
53 
58 
50 
56 

3.670 
3.980 
3,  800 
4.100 
3,720 

9.8 
9.2 
9.6 
9.0 
10.1 

390 
390 
405 
415 
435 

640 

570 
505 
760 
635 

61 
68 
80 
55 
69 

3.  900 
3,360 
3,100 
4,340 
5, 300 

10.0 
11.6 

13.  1 
9.6 
8.2 

435 
440 
445 
465 
540 
570 

780 
695 
780 

790 
790 

56 
63 
57 

68 

72 

4.610 
4.440 
4.600 

4.  120 

5.  660 
6,660 

9.4 
9.9 
9.7 
11.3 
9.  5 
8.6 

Average  ratios 

62 

10.8 

'  Each  strength  is  the  average  result  for  two  to  Ave  tests. 
Specimens  were  stored  in  moist  air  until  tested.  Cement 
content  ranged  from  4H  to  7!4  bags  per  cubic  vard  and  age 
it  test  ranged  from  7  to  305  days. 
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splitting-fiexural  strength  ratios  ranged  from 
51  to  78  percent  and  the  average  ratio  was  67 
percent;  the  splitting-compressive  strength 
ratios  ranged  from  7.7  to  14.9  percent  and  the 
average  ratio  was  10.7.  As  can  be  observed 
from  the  data  in  table  1,  splitting-compressive 
strength  ratios  tended  to  decrease  as  the 
compressive  s1  rength  of  the  concrete  increased. 
The  nonlinear  relation  between  these  strengths 
shows  that  an  average  ratio  is  not  applicable 
throughout  the  strength  range.  However, 
such  a  ratio  serves  as  a  useful  index  for 
comparison  purposes. 

Concrete  prepared  with  gravel 

Splitting,  flexural,  and  compressive 
strengths  and  the  strength  ratios  of  31  con- 
crete mixtures  prepared  with  a  siliceous  gravel 
of  l)4-inch  maximum  size  are  shown  in  table  2. 
The  cement  contents  were  from  4'j  to  71.. 
bags  per  cubic  yard  and  the  age  of  specimens 
at  time  of  test  ranged  from  7  to  365  days. 
The  ratios  of  the  splitting  strengths  to  the 
flexural  strengths  ranged  from  50  to  80  percent 
and  the  average  ratio  was  62  percent.  The 
splitting-compressive  strength  ratios  ransad 
from  8.2  to  14.4  percent  and  the  average 
ratio  was  10.8. 

Concrete  prepared  with  lightweight  aggre- 
gate 

The  splitting,  flexural,  and  compressive 
si  rengths  and  the  strength  ratios  of  61  con- 
crete mixtures  prepared  with  lightweight 
aggregates  are  shown  in  table  3.  The 
different  fine  and  coarse  lightweight  aggre- 
gates, including  expanded  clays,  slags,  ami 
shales,  were  used  in  these  tests.  Each 
aggregate  was  obtained  from  a  different 
source  and  the  maximum  size  of  the  coarse 
aggregates  differed  within  a  range  of  three- 
eighths  to  three-fourths  of  an  inch.  The 
cement  contents  of  the  concrete  were  6}i  and 
8  bags  per  cubic  yard,  and  the  ages  of  the 
specimens  at  time  of  test  ranged  from  7 
to  365  days.  The  splitting-flexnral  strength 
ratios  of  the  lightweight  aggregate  concrete 
ranged  from  57  to  88  percent  and  the  average 
ratio  was  76  percent;  the  splitting-compressive 
strength  ratios  ranged  from  5.3  to  11.2  per- 
cent and  the  average  ratio  was  8.0  percent. 

Relationships  for  types  of  coarse  aggregate 

The  relations  between  the  splitting  and 
flexural  strengths  of  concretes  prepared  with 
the  three  types  of  coarse  aggregate — crushed 
limestone,  gravel,  and  lightweight — are  shown 
in  figure  3.  The  relations  were  linear,  but 
t  he  slopes  differed  according  to  the  type  of 
aggregate  used.  In  summary,  the  average 
ratio  of  the  splitting  strength  to  the  flexural 
strength  was:  67  percent  for  the  concrete  made 
with  the  crushed  limestone,  62  percent  for  the 
concrete  made  with  gravel,  and  76  percent 
for  the  concrete  made  with  the  lightweight 
aggregate. 

The  relations  between  the  splitting  and 
compressive  strengths  of  the  concretes  pre- 
pared with  the  three  types  of  coarse  aggregate 
are  shown  in  figure  4.  These  relations  also 
differed  according  to  the  type  of  aggregate 
used;  but,   unlike  the  splitting-fiexural   rela- 


Table    3. — Comparison    of   splitting    tensile 
strength    with    flexural    and    compress, 
strengths    of   concrete    containing    light- 
weight aggregate ' 


Splitting 

Flexural 

1     "!H| - 

stream  h 

si  rength 

Ratio 

sive 

Ratio 

(S) 

(F) 

S  to  F 

strength 

S  to  C 

(C) 

P.s.i. 

P.s.i. 

Pent  ni 

P.s.i. 

Percent 

3110 

445 

67 

3.  190 

9.4 

310 

430 

72 

3.  43(1 

'i  u 

315 

52(1 

61 

3.  290 

9.6 

335 

46(1 

73 

2,980 

11.2 

340 

435 

78 

3,  040 

11.2 

340 

505 

67 

4,200 

8.1 

345 

445 

7H 

3.  570 

9.7 

350 

51(1 

69 

4.  136 

S.  5 

360 

485 

74 

4.110 

8.8 

360 

540 

67 

4.  290 

8.4 

360 

5011 

72 

4.2911 

8.4 

365 

480 

76 

3.  6(1(1 

9.9 

385 

575 

67 

6.  XI III 

5.7 

385 

520 

74 

1,060 

\i  5 

385 

460 

84 

3,  740 

10.3 

390 

535 

73 

4,330 

9.0 

390 

.Mm 

78 

3.90(1 

10.0 

405 

485 

84 

4,  080 

9.9 

420 

565 

74 

4.  Slid 

8.8 

420 

565 

74 

5,  290 

7.9 

420 

560 

75 

6,  060 

6.9 

425 

580 

73 

6,  060 

7.0 

425 

570 

75 

4.  480 

9.5 

425 

610 

70 

5.  300 

8.0 

425 

610 

70 

4,  870 

8.7 

425 

750 

57 

6.3(1(1 

6.7 

440 

710 

62 

8  030 

5.5 

440 

570 

77 

7.  830 

5.  6 

445 

555 

80 

4.440 

III  (1 

445 

635 

70 

6,  600 

6.7 

450 

550 

82 

5.  1(11) 

8.8 

450 

575 

78 

5.920 

7.6 

460 

610 

75 

5.  120 

9.0 

46(1 

530 

87 

7. 020 

6.6 

470 

635 

74 

7,466 

6.3 

470 

570 

82 

5.000 

9.4 

470 

635 

74 

7,  850 

6.0 

470 

680 

69 

7,  800 

6.0 

480 

645 

74 

6,980 

6.9 

480 

610 

79 

4,880 

9.8 

485 

605 

80 

5,080 

9.5 

49(1 

560 

88 

5,740 

8.5 

490 

630 

78 

6,930 

7.1 

490 

635 

77 

7.491) 

6.5 

490 

740 

66 

6.800 

7.2 

495 

670 

74 

5.  74(1 

8.6 

495 

735 

67 

7.590 

6.5 

495 

690 

72 

6.346 

7.8 

500 

635 

79 

8.610 

5.  S 

515 

640 

80 

7.7611 

6.6 

520 

620 

84 

6,660 

7.  8 

52(1 

645 

81 

5,  790 

9.  o 

525 

680 

77 

9.  870 

5.  3 

530 

640 

83 

8,790 

6  II 

530 

685 

77 

7.63(1 

6.9 

530 

650 

82 

6,760 

7.8 

540 

630 

86 

6,  350 

8.5 

540 

660 

82 

9.  (160 

6.  0 

555 

710 

78 

8,790 

6.3 

565 

650 

87 

7.  730 

7.3 

605 

705 

86 

6,840 

8.8 

Average  ratios  _  

76 

8.0 

i  Each  strength  is  the  average  result  of  three  tests.  Speci- 
mens were  stored  in  moist  air  until  tested.  Cement  con- 
tent w  as  6'  j  oi  8  bags  per  cubic  yard  and  age  at  test  ranged 
from  7  to  365  days. 

tions,  they  were  nonlinear.  The  average  ratio 
of  the  splitting  strength  to  the  compressive 
strength  for  the  concrete  made  with  crushed 
stone  was  10.7  percent,  for  the  concrete  made 
with  gravel  it  was  10.8  percent,  and  for  the 
concrete  made  with  the  lightweight  aggregate 
it  was  8.0  percent. 

Effect  of  Size  of  Coarse  Aggregate 

Splitting,  flexural,  and  compressive  strength 
data  obtained  from  tests  on  concrete  made 
with  crushed  limestone  of  1-inch  maximum 
size   were   compared    with    the  data  given  in 
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Table  1. — Comparison  <>f  splitting  tensile 
strength  \»itli  flexural  and  compressive 
~i  rengths  of  concrete  containing  1-inch 
crushed  stone  ' 


Splitting 

Flexural 

i  Jompres- 

Strength 

strength 

Ratio 

SIV  J 

Ratio 

S  to  F 

strength 

1 

P.s.i. 

P.s.i, 

Percent 

P.s.i. 

450 

640 

70 

4,120 

10.9 

475 

690 

69 

5,230 

9.  1 

475 

640 

74 

5.330 

8.9 

490 

675 

73 

4,350 

11,3 

495 

650 

76 

1,680 

10.6 

195 

605 

71 

0  6 

500 

720 

69 

505 

775 

65 

5,280 

9  i, 

740 

68 

5  640 

9.  0 

505 

760 

66 

5,380 

9.4 

510 

095 

73 

5,020 

10.2 

515 

755 

68 

5,  500 

9.4 

515 

690 

75 

5,650 

9,  1 

520 

750 

69 

5.  320 

9.8 

520 

755 

69 

6,010 

8.7 

520 

695 

75 

1,900 

10.6 

'. 

765 

69 

5,600 

9.4 

525 

705 

74 

5, 

10.5 

525 

710 

74 

5.560 

9.4 

530 

735 

72 

5,100 

10.4 

535 

720 

74 

5,110 

10.5 

535 

730 

73 

5,530 

9.7 

540 

690 

78 

5.410 

10.0 

54(1 

730 

74 

5,620 

9.6 

545 

740 

74 

5,770 

9.4 

545 

715 

76 

5,890 

9.3 

545 

675 

81 

5, 610 

9.7 

545 

740 

71 

5,350 

10.2 

550 

780 

71 

0.760 

8.1 

550 

735 

75 

5,770 

9.5 

555 

740 

75 

5.  320 

10.4 

555 

745 

74 

5.  730 

9.7 

555 

740 

75 

5. 330 

10.4 

555 

800 

69 

5,810 

9.6 

560 

755 

74 

.5,500 

10.2 

560 

795 

70 

5,980 

9.4 

565 

790 

72 

5,940 

9.5 

565 

735 

77 

5,  10(1 

11.  1 

565 

705 

80 

5.540 

10.2 

565 

790 

72 

6,110 

9.2 

565 

840 

67 

5,980 

9.4 

571) 

800 

71 

5,760 

9.9 

575 

830 

69 

0.  100 

9.3 

575 

820 

70 

5,830 

9.9 

580 

740 

78 

6,  .'00 

9.4 

585 

765 

76 

6,010 

9.7 

595 

755 

79 

5.0IM 

10.  1 

595 

785 

76 

5.640 

10.5 

605 

.soil 

76 

5,010 

10.2 

615 

775 

70 

6.  150 

0  5 

620 

700 

89 

6,  140 

10.  1 

625 

810 

77 

6.050 

10.3 

Average  ratios 

73 

9.8 

1  Each  strength  is  the  average  result  of  three  to  five  tests. 
Specimens  were  se>re<l  in  moist  air  until  tested.  Cement 
content  ranged  from  5M  to  6  hags  per  cubic  yard  and  age 
at  test  was  28  days. 


table  1  for  concrete  prepared  with  the  same 
type  of  coarse  aggregate  hut  having  a  maxi- 
mum size  of  l'j  inches.  The  results  of 
strength  tests  made  at  28  days  on  concrete 
specimens  prepared  with  the  crushed  stone 
having  a  1-inch  maximum  size  and  the  cal- 
culated strength  ratios  are  shown  in  table  4. 
These  tests  were  made  on  specimens  from  52 
mixes  that  had  been  prepared  with  26  dif- 
ferent admixtures  and  with  cement  contents 
that  ranged  from  5%  to  6  bags  per  cubic  yard. 
The  single  age  of  the  specimens  and  the  limited 
range  in  their  cement  content  caused  smaller 
differences  in  strengths  than  were  obtained 
for  specimens  prepared  with  limestone  having 
a  maximum  size  of  l'a  inches. 

The  splitting-fiexural  strength  ratios  of 
the  concrete  containing  the  1-inch  crushed 
stone  ranged  from  G5  to  89  percent  and  the 
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Figure  3. — Relation      between     flexural     and      splitting      tensile 
strengths  for  concrete  made  with  three  types  of  aggregate. 
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Figure  4. — Relation    betiveen   compressive   and   splitting    tensile 
strengths  for  concrete  made  with  three  types  of  aggregate. 
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Figure  5. — Effect  of  size  of  aggregate  on  relation  of  splitting  tensile 
to  flexural  and  compressive  strengths. 

Table   5. — Effect   of  drying   on    splitting    tensile,   flexural,    and   compressive   strengths    of 
concrete  containing  lightweight  aggregate  and  tested  at  28  days  ' 


Curing 2 


Moist.. 
Dry— 

Moist.  - 
Dry— 

Moist.. 
Dry.-.- 

Moist.. 
Dry.— 

Moist.. 
Dry.— 

Moist.. 
Dry- 
Moist.. 
Dry— 

Moist.. 
Dry- 
Moist.- 
Dry- 
Moist.  . 
Dry- 
Moist.  . 
Dry— 

Moist.. 
Dry— 

Moist. . 
Dry- 
Moist.. 
Dry- 
Average 

Moist. 

Dry.. 


Splitting 

strength 

(S) 

Flexural 

strength 

(F) 

Ratio 
StoF 

P.s.i. 
345 
245 

P.s.i. 

445 
210 

Percent 
78 
117 

360 
280 

485 
220 

74 
127 

420 
295 

565 
210 

74 
140 

425 
320 

750 
210 

57 
152 

425 
285 

585 
180 

73 

158 

425 
350 

610 
265 

70 
132 

450 
300 

550 

220 

82 
136 

460 
290 

610 
245 

75 
118 

490 
330 

560 
205 

88 
161 

495 
330 

670 
190 

74 
174 

495 
345 

690 
265 

72 
130 

520 
375 

645 
295 

81 
127 

530 
325 

685 
260 

77 
125 

540 
310 

630 
220 

86 
141 

455 
315 

605 
230 

76 
138 

Compres- 
sive 

strength 
(C) 


P.s.i. 
3,570 
3,350 

4,110 
3,770 

5,290 
5,120 

6,300 
5,680 

6,060 
5,740 

4,870 
4,730 

5,100 
4,550 

5,120 
5,  550 

5,740 
5,480 

5,740 
5,530 

6,340 
6,510 

5,790 
5,820 

7,620 
7,080 

i), ;  ,u 
5,740 


5,570 
5,330 


Ratio 
S  toC 


Percent 
9.7 
7.3 


7.4 


7.9 

5.8 


6.7 
5.6 


7.0 
5.0 


6.6 


9.0 
5.3 


8.5 
6.0 


8.6 
6.0 


7.8 
5.3 


9.0 
6.4 


7.0 
4.6 


8.5 
5.4 


8.3 
6.0 


Ratio  of  strength  of  dry  speci- 
mens to  strength  of  moist 
cured  specimens ' 


Spill  I  hi;'. 


Percent 

"n" 


75 
"67" 
"§2~ 
"67" 


67 
"67" 
"70" 
"72" 
~6l" 
"57" 


l,!l 


Flexural 


Percent 
"47"" 


37 
~*2s" 
11" 
"43" 
"46" 
~40" 
"37" 
"28" 
"38" 
"46" 
"38" 
"35" 


38 


Compres- 
sive 


Percent 
*"~94~~" 

""92""" 


90 
"95" 

"97" 


95 
"96" 
"I63" 
"161" 
"93" 
"96" 


1  Each  strength  is  the  average  result  of  three  tests.    Cement  content  was  6H  or  8  bags  per  cubic  yard. 

2  Moist  specimens  were  stored  in  moist  air  at  73°  F.  continuously  for  28  days.    Dry  specimens  were  stored  in  moist  air 
for  7  days,  followed  by  21  days  in  laboratory  air  at  73°  F.  and  50  percent  relative  humidity. 

3  Ratio  of  the  strength  of  dry  specimens  to  the  strength  of  the  corresponding  moist  cured  specimens. 
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average  ratio  was  73  percent.  The  splitting- 
compressive  strength  ratios  ranged  from  8.1 
to  11.3  percent  and  the  average  ratio  was  9.8 
percent.  The  corresponding  average  strength 
ratios  of  the  concrete  containing  the  lJHnch 
crushed  limestone  were  67  and  10.7  percent, 
respectively.  The  splitting-flexural  and  split- 
ting-compressive  strength  relations  for  the 
concrete  containing  1-inch  and  l'i-inch 
crushed  limestone  aggregate  are  shown  in 
figure  5.  It  is  evident  that  the  maximum 
size  of  the  coarse  aggregate  only  had  a  slight 
effect  on  these  strength  relations. 

Effect     of    Drying     on     Lightweight 
Aggregate  Concrete 

Tests  were  made  at  28  and  3G5  days  to 
determine  the  effect  of  drying  on  the  splitting, 
flexural,  and  compressive  strengths  of  con- 
crete prepared  with  lightweight  aggregates 
One-half  of  the  specimens  tested  at  28  days 
was  given  7  days  of  moist  curing  at  73°  F., 
which  was  followed  by  21  days  of  storage  in 
laboratory  air  at  73°  F.  and  50  percent  relative 
humidity;  the  other  half  of  the  specimens 
was  moist  cured  continuously.  One-half  of 
the  specimens  tested  at  365  days  was  given 
7  days  of  moist  curing,  which  was  followed 
by  358  days  of  storage  in  laboratory  air;  the 
other  half  was  moist  cured  continuously. 
Differences  in  the  aggregates  used  and  cement 
contents — 6}i  and  8  bags  per  cubic  yard  of 
concrete — caused  a  wide  range  in  strengths. 
The  strength  results  of  the  tests  at  28  days 
and  the  ratios  of  splitting-flexural  and  splitting- 
compressive  strengths  are  shown  in  table  5. 
The  last  three  columns  of  the  table  contain 
data  showing  the  splitting,  flexural,  and  com- 
pressive strength  ratios  of  the  dry  specimens 
(7  days  moist  cured  and  then  dried  in  labora- 
tory air)  to  the  wet  specimens  (continuously 
moist  cured).  Similar  data  obtained  from 
the  tests  at  365  days  are  shown  in  table  6. 


100  200  300  400  500  600 

SPLITTING    TENSILE    STRENGTH  -  PS  I. 

Figure  6. — Effect  of  drying  on  relation  of 
flexural  and  splitting  tensile  strengths  of 
concrete  containing  lightweight  aggre- 
gate, at  28  days. 
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Table   6. — Effect  of  drying  on  splitting   tensile,   flexural,   and   compressive   strengths  of 
concrete  containing  lightweighl  aggregate  and  tested  al  365  days1 


Splitting 

IS 

Flexural 
strength 

Ratio 

.-  to  1 

Compres- 

strength 
(C) 

Ratio 
S  to  C 

Ratio  of  strength  of  dr\ 
mens  to  strength  of  moist 
cored  specimens3 

Splitting 

1  lexural 

Compres- 
ive 

Men  i 

P.t.i. 
340 

360 

290 

140 
130 

440 
380 

170 
395 

170 
195 

500 
loo 

515 
480 

525 
495 

MO 
420 

540 

415 

/'.v./. 

51 15 

330 

540 

270 

570 
3i 

710 
330 

635 
295 

205 

035 
470 

640 
420 

680 

400 

640 
380 

000 
205 

Percent 

07 
102 

67 
107 

80 

02 
115 

74 
134 

74 
241 

79 
104 

80 
114 

124 

83 
111 

82 

202 

P.s.i. 
1,200 

3,  580 

4.  290 
3,950 

7,830 
5,390 

8,030 

7,  140 

7,850 
6,740 

7,  400 
5,330 

8,610 
6,360 

7.  76(1 
6,090 

0.  870 

0.000 

8.790 
7,530 

o.ooo 
7.3SO 

Perci 

8.1 
9.4 

8.4 
7.3 

5.6 
8.0 

5.5 
5.3 

6.0 
5.9 

6.3 
9.3 

5.8 

6.6 
7.9 

5.3 
5.5 

6.0 
5.6 

6.0 
5.6 

Percent 
99 

si 

98 

86 

84 

105 

98 

93 

94 

79 

77 

65 
50 

94 
46 
46 
32 
74 
66 
59 

.V.! 

31 

Percent 
85 

92 

69 
89 
86 
71 
74 
78 
92 
86 
81 

..    .    

Drj            

Moisl   .-     -_  .- 

l)r\                 .    .. 

Vloisl     -  

l)r\ 

\b'l   .1                 ._               _ 

Drj            

J)rv                   

Dry      --  - 

Moist-   -.  

Dry       

Dry                      

Moist - 

Dry 

Moist 

Dry       

Avei  ' 
Moist     

465 

420 

625 
350 

75 
130 

7,610 
0,230 

6.3 

7.0 

90 

57 

82 

Dr\_. 

'  Each  strength  is  the  average  result,  of  three  tests.    Cement  content  was  6!*  or  8  bags  per  cubic  yard. 

2  Moist  specimens  were  continuously  stored  in  moist  air  at  73°  F.     Dry  specimens  were  stored  in  moist  air  for  7  days, 
ollowed  by  358  days  in  laboratory  air  at  73°  F.  and  50  percent  relative  humidity, 

3  Ratio  of  the  strength  of  dry  specimens  to  the  strength  of  the  corresponding  moist  cured  specimens. 


From  the  tests  at  28  days,  the  average  ratio 
of  splitting-flexural  strengths  was  76  percent 
for  the  wet  specimens  and  138  percent  for  the 
dry  specimens.  Corresponding  ratios  for  the 
tests  made  at  365  days  were  75  and  130  per- 
cent. Likewise,  the  average  ratio  of  splitting- 
compressive  strengths  for  the  tests  at  28  days 
was  8.3  percent  for  the  wet  specimens  and  6.0 
percent  for  the  dry  specimens.  Similar  ratios 
for  the  lests  at  365  days  were  6.3  and  7.0 
percent.  The  effect  of  the  moisture  content 
of  concrete  containing  lightweight  aggregate 
on  the  splitting-flexural  and  splitting-com- 
pressive  relations  is  shown  in  figures  6-9.     The 


comparative  ratios  and  relations  determined 
in  this  study  emphasize  the  importance  of  the 
effect  of  moisture  content  of  lightweight  aggre- 
gate concrete  on  the  splitting-flexural  strength 
relations.  The  influence  of  the  moisture  con- 
tent on  the  split ting-compressive  strength 
relations  was  very  pronounced  in  the  results 
of  the  tests  at  28  days,  but  no  significant  in- 
fluence was  indicated  in  the  results  of  the  tests 
at  365  days. 

As  stated  previously,  the  last  three  columns 
of  tables  5  and  6  show  the  ratios  of  the 
strengths  of  dry  specimens  to  the  strengths  of 
the  corresponding  wet  specimens  for  each  of 


Table   7. — Effect  of  drying 


on   splitting   tensile,   flexural,   and  compressive   strengths  of 
concrete  containing  crushed  stone 


Aggregate  and  curing  ' 

Splitting 

trengt  h 

(S) 

Flexural 

-lleoel  b 

IF) 

Ratio 
S  toF 

Compres- 
sive 

strength 
(C) 

Ratio 
S  to  C 

Ratio  of  strength  of  dry  speci- 
mens   to    strength    of   moist 

cured  specimen    ■' 

Splitting 

Flexural 

Compres- 
sive 

Crushed    limestone,    maxi- 
mum size  three-fourths 
inch:  a 
28  days  moist. ..  . 

P.s.i. 
575 

185 

565 
360 
195 

191 

P.s.i. 
800 

4N0 

795 
410 

480 

515 

Percent 

72 

101 

71 
88 
103 

115 

l-.s.i. 
5,700 

7i,720 

5,410 
3,  530 
5,430 

5,120 

Percent 
10.1 

8.5 

10.  i 

10.  2 
9.1 

11.5 

l'i  rci  hi 
84 

64 

88 

104 

Percent 
60 

52 
60 

65 

Perci  a' 
100 

65 
100 

95 

7  days  moist  and  21  days 
dry 

Crushed     limestone,     maxi- 
mum ■  ize  1  !     inches.  4 
28  days  moist. 

1  day  moist  and  27  d 

7  days  moist  and  21  days  dry 

7  days  moist,  20  days  di  y, 
and  1  day  wet  - _. 

i  Moist  cured  si  lecimens  were  stored  in  moist  air  at  73°  F.    Dry  specimens  were  stored  in  laboratory  air  at  73°  F.  and 
50  percent,  relative  humidity. 

Ratio  of  the  strength  of  partially  moist  cured  specimens  to  the  strength  of  the  corresponding  moist  cured  specimens. 

Kach  strength  IS  the  average  result  ol  six  tests.     Cement  content  was  i;e.  o,  s  haus  |><  i  cubic  yard. 
«  Each  strength  is  the  avei  igere  till  offive  tests.    Cement  content  was  6  bags  per  cubic  yard 


Table     8. — Effect     of    cement     content 
splitting    tensile,   flexural,   and   eompr-. 
sive  strengths  of  concrete  prepared  w 
different  aggregates  ' 


Splitting 

Flexural 

Compres- 

Cement 

strength 

si  lent  1  li 

Ratio 

sive 

content 

(S) 

(F) 

S  to  F 

strength 
(C) 

Rati 

S  to  ( 


•' 


Limestone  (three-fourths  inch  maximum  size)  2 


i:<i.,    cxi 

yd. 
6.  5 

8.0 


P.s.i. 

P.s.i. 

/'i  n;  ill 

P.s.i. 

i'li,,,, 

550 
580 

760 
805 

72 
72 

5,820 
6,360 

9  "i 

y  l 

Limestone  (\Yi  inches  maximum  size)  : 


4. 1 
6.0 
7.5 


400 

595 

67 

3,480 

530 

760 

70 

5,550 

580 

870 

67 

6,630 

11.5 
9.  5 
8.7 


GEAVEI    i  l'i  inches  maximum  size)  4 


4.5 
7.0 


2X0 
400 


l.'iO 
610 


62 
66 


2,960 
4,  900 


9.5 
8.1 


Lightweight  Aggregate  s 


6.5 
8.0 


430 
465 


5M  I 
605 


5,590 
0,220 


7.7 
7.5 


i  Specimens  were  stored  in  moist  air  at  73°  F.  until  test) 

2  Each  strength  is  the  average  result  of  12  tests.  Age 
test  ranged  from  7  to  365  days. 

3  Each  strength  is  the  average  result  of  100  tests.  Age 
test  was  28  days. 

*  Each  strength  is  the  average  result  of  20  tests.  Age 
test  was  28  days. 

s  Each  strength  is  the  average  result  of  75  tests.  Age 
test  ranged  from  7  to  36.5  days. 


the  three  types  of  strength  tests.  For  tl 
tests  at  28  days,  the  average  ratios  were  6' 
38,  and  96  percent  for  the  splitting,  flexura 
and  compressive  strength  tests,  respectivel; 
Similar  ratios  for  the  tests  at  365  days  wei 
90,  57,  and  82  percent.  Based  on  individu; 
test  ratios  at  28  and  365  days,  the  reduction 
splitting  strength  from  22  of  the  25  tests  wa 
less  than  33  percent;  but  the  reduction  i 
flexural  strength  from  19  of  the  25  tests  wa 
50  percent  or  more. 

In  tests  at  both  28  and  365  days,  dry  storag 
of  concrete  containing  lightweight  aggregat 
had  an  appreciably  greater  deleterious  effec 
on  flexural  strength  than  on  splitting  strengtl 
This  might  have  been  caused  by  the  fin 
cracks  that  developed  on  the  surface  of  th 
concrete  as  the  flexural  test  specimens  driej 
Because  the  exteriors  of  the  test  cylinders  wer 
under  compression,  the  splitting  strength  wa 
not  affected  as  much  by  the  surface  conditio 
of  the  test  specimens.  Conversely,  in  test 
at  28  days,  the  compressive  strength  was  af 
fected  less  by  dry  storage  than  the  split  tin; 
strength,  the  average  reduction  being  31  per 
cent  for  splitting  strength  and  4  percent  fo 
compressive  strength.  But  in  tests  at  365  days 
drying  caused  little  difference  in  the  reductioi 
of  splitting  and  compressive  strengths  o 
concretes  prepared  with  lightweigh 
aggregates. 

Effect  of  Drying  on   Crushed  Lime- 
stone Concrete 

The  results  of  two  series  of  tests  made  tc 
study  the  effect   of  drying  on   the  splitting 
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"'"    able  9. — Effect  of  age  at  test  on  splitting 

"(  'tensile,     flexural,     and     compressive 

strengths  of  concrete  ' 


Ago  at 
test 

Splitting 

strength 
(S) 

Flexural 

strength 

(F) 

Ratio 
S  to  F 

Compres- 
sive 

strength 
(C) 

Ratio 
S  to  C 


Gravel  (1M>  inches  maximum  size)  2 


Days 
7 

14 
28 


P.s.i. 

P.s.i. 

Percent 

P.s.i. 

270 

450 

60 

2,360 

350 

590 

59 

3.  tin 

375 

610 

61 

3,370 

Percent 
11.4 
10.3 
11.1 


Lightweight  Aggregate  3 


7 

28 

90 

365 


385 

510 

75 

4,030 

455 

610 

75 

5,  610 

470 

630 

75 

6,760 

460 

610 

75 

7,450 

9.6 
8.1 

7.0 
6.2 


Limestone  (three-fourths  inch  maximum  size) 4 


7 
28 

'.in 


510 

740 

69 

4,740 

575 

M  II 1 

72 

5,700 

540 

805 

67 

6,700 

10.8 
10.  1 
8.1 


I  Specimens  were  stored  in  moist  air  at  73°  F.  until  tested. 

?  Each  strength  is  the  average  result  of  15  tests.  Cement 
intent  ranged  from  4H  to  7H  bags  per  cubic  yard. 

3  Each  strength  is  the  average  result  of  40'  tests.  Cement 
ntent  was  6H  or  8  bags  per  cubic  yard. 

«  Each  strength  is  the  average  result  of  6  tests.    Cement 

f  ntent  was  6)^  or  8  bags  per  cubic  yard. 

able  10. — Effect  of  length  of   cylinder  on 
splitting  tensile   strength  of  concrete  ' 


Specimens  were  stored  in  moist  air  at  73°  F.  until  tested, 
lach  strength  is  the  average  result  of  two  tests. 
2  Average  splitting  tensile  strength  for  both  sizes  of  cylin- 
ers  was  350  p.s.i. 


Table    11. — Effect    of    bearing    surface    on 
splitting   tensile  strength  of  concrete  ' 


Splitting  tensile 

strength  2 

6-  by  6-in. 

6-  by  12-in. 

cylinders 

cylinders 

P.s.i. 

P.s.i. 

270 

275 

300 

300 

385 

130 

430 

360 

355 

390 

Splitting  tensile 

strength 

Plywood 

Lumnite 

bearings  2 

cement 

bearings3 

P.s.i. 

P.s.i. 

535 

515 

540 

535    ' 

575 

640 

540 

570 

440 

430 

445 

445 

440 

440 

430 

440 

,  >  Specimens  were  stored  in  moist  air  at  73°  F.  until  tested. 
Each  strength  is  the  average  of  three  tests. 

2  A\erage  splitting  strength  was  495  p.s.i. 

3  Average  splitting  strength  was  500  p.s.i. 


flexural,  and  compressive  strengths  of  concrete 
prepared  with  a  crushed  limestone  coarse  ag- 
gregate are  shown  in  table  7.  The  first  series 
of  tests  produced  results  similar  to  those  ob- 
tained in  tests  at  28  days  on  the  lightweight 
aggregate  concrete.  The  second  series  of  tests 
was  made  at  28  days  on  four  different  groups 
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Table  12. — Comparison  of  uniformity  of  splitting  strength  with  flexural  and  compressive 
strengths  of  concrete  prepared  with  crushed  limestone  of  1-inch  maximum  size  ' 


Batch  number 


Average. 


Coefficient  of  variation,  percent. 


Splitting  strength 


P.s.i. 

555 
555 

550 
515 

545 
515 

530 
560 

545 
540 

565 
515 

500 
545 

545 

535 

535 
530 

6U5 
510 

560 

560 

550 
550 

530 
540 

495 
580 

630 

575 

548 


Variation 

from 
average 


Percent 
1.3 
1.3 

0.4 
-6.0 

-0.5 
-6.0 

-3.3 

2.2 


-0.5 
-1.5 


3.1 
-6.0 


2.2 
-0.5 


-0.5 
-2.4 


-2.4 
-3.3 


10.4 
-6.9 


2.2 

2.2 


0.4 
0.4 


-3.3 

-1.5 


15.0 
4.9 


3.5 


5.0 


Flexural  strength 


P.s.i 

7611 
720 

775 
845 

795 
705 

850 
805 

685 

750 

840 

770 

795 
685 

7  si  I 
760 

705 
860 

835 
820 

740 
735 


810 
820 


900 

785 


770 
784 


Variation 

from 
average 


Pit  vent 
-3.  1 
-X.  2 

-1.1 

7.8 

1.4 
-10.1 

8.4 
2  7 

-12.6 
-4.3 

7.  1 
-1.8 

1.4 
-12.6 

-0.5 
-3.1 

-2.4 
9.7 


6.5 
4.6 


-5.6 
-6.2 


2.7 
2.7 


3.3 

4.6 


14.8 
0.1 


-3.1 

-1.8 


5.1 


Compressive  strength 


5. 690 

5,  570 
5,620 

5,500 
5,440 

5,570 
5,640 

5,  420 
5.390 

5,610 

5,  560 

5, 330 
5,480 

5,  510 
5,  420 

5,330 
5, 550 

5,230 
5,210 

5.  310 
5,300 

5,  630 
5,660 

5,650 
5,  620 

6,010 
5,720 

5,700 
5,  710 

5,530 


Variation 

from 

average 


Percent 
2.9 
0.2 

0.7 
1.6 

-0.5 
-1.6 

0.7 
2.0 

-2.0 
-2.5 

1.4 

0.5 

-3.6 
-0.9 

-0.4 
-2.0 

-3.6 
0.4 

-5.4 
-5.8 

-4.0 
-4.2 


1.8 
2.4 


2.2 
1.6 


3.1 
3.  3 


1  Specimens  were  stored  in  moist  air  at  73°  F.  until  tested.    Age  at  test  was  28  days  and  cement  content  was  6  bags 
per  cubic  yard. 


of  specimens;  for  each  group,  the  specimens 
were  cured  by  a  different  combination  of  al- 
ternating moist  and  dry  storage. 

First  series 

In  the  first  series  of  tests,  the  maximum 
size  of  the  crushed  stone  was  three-fourths  of 
an  inch,  which  was  the  same  maximum  size 
as  some  of  the  lightweight  aggregates  used. 
The  results  showed  that  drying  caused  aver- 
age strength  losses  of  16,  40,  and  0  percent 
for  the  splitting,  flexural,  and  compressive 
tests,  respectively.  The  corresponding 
strength  losses  for  the  lightweight  aggregate 
concrete,  shown  in  table  5,  were  31,  62,  and 
4  percent.  In  general,  the  comparison  of  the 
data  from  tests  at  28  days  indicates  that 
drying  caused  greater  strength  losses  in  con- 
crete prepared  with  lightweight  aggregate  than 
in  the  concrete  prepared  with  the  limestone 
coarse  aggregate.  The  difference  in  strength 
loss  was  greater  for  the  flexural  than  the 
splitting  test  and  was  insignificant  for  the 
compressive  test. 

Second  series 

In  the  second  series  of  tests,  the  maximum 
size  of  the  crushed  stone  used  was  \x/i  inches. 
For  each  type  of  strength  test,  20  specimens 
were  made:   (1)  Five  control  specimens  were 


moist  cured  continuously;  (2)  five  specimens 
were  <rnoist  cured  for  1  day,  then  were  stored 
in  laboratory  air  for  27  days;  (3)  five  speci- 
mens were  moist  cured  for  7  days,  then  were 
stored  in  laboratory  air  for  21  days;  and  (4) 
five  specimens  were  moist  cured  for  7  days, 
were  stored  in  laboratory  air  for  20  days,  and 
then  were  immersed  in  water  for  1  day.  The 
data,  given  in  table  7,  show  that  the  flexural 
strength  was  affected  more  by  drying  than 
the  splitting  or  compressive  strengths.  The 
losses  in  splitting  and  compressive  strengths 
caused  by  drying  were  approximately  the 
same.  Comparisons  between  similarly  cured 
concretes  prepared  with  crushed  stone  aggre- 
gate having  maximum  sizes  of  %  and  l1^  inches 
are  also  shown  in  table  7.  Of  particular  note 
is  the  fact  that  in  each  of  the  three  strength 
tests,  the  strength  losses  caused  by  the  same 
drying  conditions  were  nearly  identical  for 
concretes  prepared  with  the  two  sizes  of  coarse 
aggregate. 

COLLATERAL  STUDIES 

In  conjunction  with  the  research  program 
that  has  been  described,  additional  data  of 
interest  and  value  are  discussed  in  the  para- 
graphs that  follow. 
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Figure  7. — Effect  of  drying  on  relation,  of  compressive 
and  splitting  tensile  strengths  of  concrete  contain- 
ing lightweight  aggregate,  at  28  days. 
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Figure  8. — Effect  of  drying  on  relation  of  flexural  and 
splitting  tensile  strengths  of  concrete  containing 
lightweight  aggregate,  at  365  days. 


Cement  Content 

At  a  number  of  places  in  the  article  nieiil  ion 
has  been  made  that  the  cement  content  of  the 
concrete  was  different  in  the  test  specimens. 
The  effect  of  cement  content  on  splitting- 
fiexural  and  splitting-compressive  strength  re- 
lations is  shown  by  the  data  in  table  8.  They 
indicate  that  the  range  in  cement  content  used 
in  this  investigation  had  little  influence  on  the 
splitting-flexural  ratios  of  concrete  prepared 
with  the  same  type  and  maximum  size  of 
coarse  aggregate.  However,  the  splitting-com- 
pressive ratios  decreased  as  the  cement  content 
of  the  concrete  was  increased  for  each  group  of 
comparative  specimens. 

Age  of  Concrete  at  Test 

The  effect  of  age  of  the  concrete  at  test  on 
the  splitting-flexural  and  splitting-compressive 
strength  relations  is  shown  by  data  in  table  9. 
They  were  obtained  from  several  groups  of 
specimens  for  which  the  cement  content  of  the 
concrete  was  different  in  each  group.  To  mini- 
mize the  influence  of  the  cement  content,  the 
same  number  of  specimens  for  each  cement 
content  was  tested  at  each  of  the  indicated 
ages.  The  data  in  table  9  show  that  no  appre- 
ciable difference  in  splitting-flexural  strength 
ratios  occurred  for  concrete  prepared  with  (In- 
same  type  and  maximum  size  of  coarse  aggre- 
gate; but,  for  each  group  of  specimens,  the 
splitting  compressive  strength  ratios  decreased 
as  the  age  at  test  increased. 

Length  of  Test  Cylinder 

In  i  lie  main  research  program,  tests  were 
made  only  on  6-  by  12-inch  cylinders.  To  de- 
termine whether  the  length   of  the  cylinder 


Table  13. — Comparison  of  uniformity  of  splitting  strength  with  flexural  and  eoinpressi 
strengths  of  concrete  made  with  lightweight  aggregate  and  moist  cured  ' 


Batch  number 


1_._. 

2.. 

3 

4... 

5 

6 _. 

7 

8.. 

9... _ 

10 

11. 

12 

13 

14 

15.. 

Average 

Coefficient  of  variation,  percent 


Splitting  strength 


P.s.i. 
355 
340 

290 
350 

400 
415 

340 
390 

365 
410 

390 
360 

360 
415 

375 
335 

295 
335 

380 
390 

375 
350 

335 
365 

370 
350 

380 
310 

375 
350 

362 


Variation 

from 
average 


Percent 

-  1.9 

-  6.1 

-19.9 

-  3.3 

10.5 
14.6 

-  6.1 

7.7 

0.8 
13.3 


7.7 
0.6 


-  0.6 
14.6 


3.6 
-7.5 


-18.5 
-7.5 


5.0 

7.7 


3.6 
-  3.3 


-  7.5 
0.8 


2.2 
-  3.3 


5.0 

-14.4 


3.6 

3.3 


Flexural  strength 


P.s.i. 

480 

465 

490 
555 

510 
480 

500 


445 
445 


455 
480 


490 

niii 


465 
500 


475 
480 


410 
455 


470 
475 


480 
430 


455 
510 


485 
475 


465 
445 


474 


Variation 

from 
average 


Percent 

1.3 

-1.9 

3.4 

17.  1 

7.6 
1.3 

5.5 
1.3 


-  6.1 


4.0 
1.3 


3.4 
-  3.0 


-1.9 

5.5 


0.2 
1.3 


-13.5 
-  4.0 


-  0.8 
0.2 


1.3 
9.3 


4.0 
7.6 


2.3 
0.2 


-  1.9 

-  6.1 


4.1 


Compressive  strength] 


P.s.i. 
2,940 
3,240 

3,460 
3, 320 

3,270 
3,220 

2,980 
3,060 

3,  120 
3,110 

3,190 
3,340 

3,260 
3,420 

3,270 
3,220 

3,290 
3,260 

3,150 
3,110 

3,200 
3,120 

3,260 
3,190 

3,160 
3,030 

3,060 
3,130 

3,120 
3,130 

3.188 


Variation 

from 
average 


Percent 

-7.8 

1.6 

8.5 
4.1 

2.6 
1.0 

-6.5 
-4.0 

-2.1 
-2.4 


0.1 

4.8 


2.3 
7.3 


2.6 
1.0 


3.2 
2.3 


-1.2 

-2.4 


0.4 
-2.1 


2.3 

0.1 


-0.9 
-5.0 


-4.0 

-1.8 


-2.1 

-1.8 


-2.9 


4.3 


1  Specimens  were  stored  in  moist  air  at  73°  F.  until  tests.    Age  at  test  was  28  days  and  cement  content  was  6  bags~ii 
cubic  yard. 
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Figure  9. — Effect  of  drying  on  relation  of  compressive  «»</  s;>/i'/- 
tiiiii  tensile  strengths  of  concrete  containing  lightweight  aggre- 
gate, a  i  365  days. 

_  Table  14.— Comparison  of  uniformity  of  splitting  strength  villi  flexural  and  compressive 
strengths  of  concrete  made  with  lightweight  aggregate  and  given  intermittent  curing  ' 


Batch  number 

Splitting  strength 

Flexural  strength 

Compressive  strength 

\';u  iation 

from 
average 

Variation 

from 
average 

Variation 

from 
average 

1                               ...  __. 

P.S.I. 

295 

270 

Percent 

7.7 
-1.5 

P.s.i. 
240 

21.(1 

Percent 

-2.0 

6.1 

P.s.i. 

2.720 
2,  910 

Per ci  nl 

-0.9 

6.0 

2                             -  

260 
295 

-5.1 
7.7 

270 
230 

10.2 
-6.1 

2.  770 

2,  Sill 

0.9 
2.4 

3                         - 

275 

310 

0.4 
13.1 

220 
225 

-10.2 

-8.2 

2,860 

2,  710 

4.2 
-1.3 

4                     .       ..,     

260 
280 

-5.1 
2.2 

250 
230 

2.0 
-0.1 

2,700 
2,680 

-1.6 
-2.4 

5                                     

250 
265 

-8.8 
-3.3 

220 
295 

-10.2 
20.4 

2,670 
2,720 

-2.7 
-0.9 

li                                     

290 
280 

2.2 

235 
225 

-4.1 

-x.  2 

2,  980 
2,  820 

8.6 
2.7 

7                                                      

270 
245 

-1.5 
-10.0 

265 

225 

8,  2 
-8.2 

2,  830 
2,840 

3.  1 

3.5 

260 
231 1 

-5.1 
-16.  1 

225 

235 

-8.2 

-1. 1 

2,  420 
2,510 

-11.8 
-8.6 

9                                             .. 

275 

."in 

0.  1 

5.8 

245 
255 

o.o 
1. 1 

2.  7(111 
2,  770 

-1.6 

0.9 

10                             .       .     ... 

305 
300 

11.3 

9.5 

265 
260 

8.2 
6.1 

2,700 
2,580 

-1.6 
-6.0 

11                                 

310 
285 

13.1 
4.0 

271 1 
230 

10.  2 
-6.1 

2.7711 
2,890 

0.9 
5.3 

12                                           

250 
255 

-8.8 
-6.9 

255 
245 

1.1 
0.0 

2,  730 
2,740 

-0.5 
-0.2 

13                      _ -- 

300 

270 

9.5 
-1.5 

245 
260 

0.0 
6.1 

2,830 
2,570 

3.1 
-6.4 

14 

245 
270 

-10.6 

-1.5 

245 
215 

0.0 
-12.2 

2,820 

2, 820 

2.7 
2.7 

15                 ..           

260 
270 

-5.1 
-1.5 

250 
260 

2.0 
6.1 

2,720 
2,770 

-0.9 
0.9 

274 

6.2 

245 

6.3 

2,745 

3.2 

7.6 

7.7 

4.3 

i  Specimens  were  stored  in  moist  air  at  73°  F.  for  7  days,  followed  by  21  days  of  storage  in  laboratory  air  at  73°  F.  and  50 
percent  relative  humidity.    Cement  content  was  6  bags  per  cubic  yard. 
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affects  I  lie  results  of  split  linn  tests,  6-  l>y  Cl- 
inch and  (i-  by  12-inch  cylinders  were  made 
from  (he  same  batch  of  concrete  and  tested  at 
the  same  age.  No  appreciable  difference  was 
noted  between  the  strengths  obtaii  e  1  in  tests 
of  the  two  different  lengths  of  cylinders.  The 
results  of  these  tests  are  given  in  table  10. 

Type  of  Hearing  Surface 

A  limited  series  of  tests  w us  made  to  deter- 
mine the  effect  of  the  type  of  bearing  material 
on  splitting-tensile  strength.  Tests  were  made 
on  similar  specimens  of  concrete;  in  these  tests 
plywood  bearing  strips  and  neat  Lumnite  ce- 
ment bearings  were  used.  A  metal  jig  was 
used  so  that  strips  of  the  neat  Lumnite  cement , 
one-hall  inch  wide  and  one-eighth  inch  thick, 
were  cast  on  diametrically  opposite  elements 
of  the  cylinder.  The  strips  were  east  against 
plane  plate  glass  and  all  specimens  were  kept 
moist  until  tested.  As  shown  in  table  11,  the 
t  wo  t  vpes  of  bearing  surfaces  caused  no  appre- 
ciable differences  in  the  strengths  obtained  in 
these  tests. 

Uniformity  leu  is 

Tests  were  made  to  determine  the  uni- 
formity of  the  splitting  strength  as  com- 
pared with  the  uniformity  of  the  compressive 
and  flexural  strengths  of  similar  concrete. 
For  these  tests,  15  batches  of  concrete  were 
made  on  each  of  three  days,  and  two  speci- 
mens for  each  type  of  test  were  prepared  from 
each  batch.  All  batches  of  concrete  were 
prepared  to  be  as  nearly  alike  as  possible. 
The  specimens  were  tested  at  an  age  of  28 
days. 

On  the  first  mixing  day,  specimens  were 
made  with  crushed  limestone  having  a  maxi- 
mum size  of  1  inch  and  were  continuously 
moist  cured  until  tested.  The  splitting, 
flexural,  and  compressive  strengths  and  the 
variations  from  the  average  strengths  are 
giverf  in  table  12.  The  average  variation 
and  the  coefficient  of  variation  for  each  type  of 
test  are  also  given  in  this  table.  The  coeffi- 
cient of  variation  for  the  splitting  strength  tests 
was  5.0  percent,  for  the  flexural  strength  tests  it 
was  7.2  percent,  and  for  the  compressive 
strength  tests  it  was  only  3.1  percent. 

On  the  second  mixing  day,  specimens  were 
made  with  lightweight  aggregate  having  a 
maximum  size  of  three-fourths  of  an  inch  and 
were  continuously  moist  cured  until  tested. 
The  results  of  these  tests  are  shown  in  table 
13.  The  coefficient  of  variation  for  the 
splitting  strength  tests  was  8.8  percent,  for 
the  flexural  strength  tests  it  was  5.7  percent, 
and  for  the  compressive  strength  tests  it  was 
4.3  percent. 

On  the  third  mixing  day,  specimens  were 
made  with  lightweight  aggregate  and  were 
similar  to  those  made  on  the  second  day. 
but  these  specimens  were  given  7  days  moist 
curing  followed  by  21  days  of  storage  in 
laboratory  air.  The  results  of  the  strength 
tests  on  these  specimens  are  given  in  table  14. 
The  coefficient  of  variation  for  the  splitting 
strength  tests  was  7.6  percent,  for  the  flexural 
strength  tests  it  was  7.7  percent,  and  for  the 
compressive  strength  tests  it  was  4.3  percent. 
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Figure  10.— Relation  between  ratio  of  splitting  tensile  to  compres- 
sive strength  and  compressive  strength  for  concrete  made  with 
(rushed  stone  of  \x/i  inches  maximum  size. 
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Figure  11. — Relation  between  ratio  of  splitting  tensile  to  com- 
pressive strength  and  compressive  strength  for  concrete  made 
with  gravel  of  IV2  inches  maximum  size. 


2000  3000  4000  5000  6000 

CYLINDER   COMPRESSIVE   STRENGTH  -  R  S.  I. 


Figure  12. — Comparison  of  relation  between  ratios  of  splitting 
tensile  to  compressive  strengths  and  compressive  strengths. 
Test  results  of  four  laboratories. 


Comparison  of  Results 

The  previously  mentioned  report,  I 
Thaulow  (4)  contains  a  graph,  included  tfc'I 
as  figure  3,  that  shows  a  comparison  fl 
Splitting  tensile  tests  performed  in  Japan  id 
Akazawa  (1),  in  Brazil  by  Carneiro  M 
Barcellos  (£),  and  in  Denmark  by  Efsen  il 
Glarbo  (7).  The  data  obtained  by  the 
investigators  were  plotted  as  the  relata 
between  the  splitting-compressive  strenJ 
ratio  in  percentage,  and  the  compress 'ij 
strength  in  p.s.i.  The  data  given  in  tatjj 
1  and  2  of  this  article  have  been  plotted  ill 
similar  manner  in  figures  10  and  11,  respl 
tively;  and  the  relations  established  J 
compared  in  figure  12  with  those  shown  i 
the  Thaulow  report.  It  is  apparent  that  t 
relations  developed  by  the  Bureau  of  Pul. 
Roads  are  similar  to  those  developed  | 
other  investigators.  The  Bureau's  data  sin 
that  the  relation  between  the  splittii 
compressive  strength  ratio  and  the  co 
pressive  strength  is  related  to  the  type 
coarse  aggregate  used  in  the  concrete. 
is  not  known  what  materials  were  used  by  t 
other  investigators. 

REFERENCES 


(1)  Tension    Test   Method  for   Concrete,    l 
Tsuneo    Akazawa,   in    Union  of   Testing  a, 
Research  Laboratories  for  Materials  and  Strm 
lures,  Bulletin  No.  16,  Nov.  1953,  pp.  1 1-23.  f 

(2)  Tensile  Strength  of  Concretes,  ij 
Fernando  L.  L.  B.  Carneiro  and  Aguinall 
Barcellos,  in  I  ■man  of  Testing  and  Resear\ 
Laboratories  for  Materials  and  Struct  urt 
Bulletin  No.  13,  March  1952,  pp.  97-127. 

(5)  Comments  on  an  Indirect  Tensile  Test  <|| 
Concrete  Cylinders,  by  P.  J.  F.  Wrighj 
Magazine  of  Concrete  Research,  vol.  7,  N-S 
20,  July  1955,  pp.  87-96. 

(4)  Tensile  Splitting  Test  and  High  Streng\ 
Concrete  Test  Cylinders,  by  Sven  Thaulow 
Title  53-38,  in  Proceedings  of  (he  Americo\ 
Concrete  Institute,  vol.  53,  1956-1957,  tak< 
from  American  Concrete  Journal,  vol.  2) 
No.  7,  Jan.  1957,  pp.  699-705. 

(.5)  The  Indirect  Tension  Test  for  Concret 
by  Neal  B.  Mitchell,  Jr.,  Materials  Researc 
&  Standards,  ASTM,  vol.  1,  No.  10,  Oct.  196 
pp.  780-788. 

(6)  Tensile  Strength  and  Diagonal  Tensii 
Resistance  of  Structural  Lightweight  Concret 
by  J.  A.  Hanson,  American  Concrete  Journa 
vol.  58,  No.  1,  July  1961,  pp.  1-38;  an 
Discussion  by  R.  Brewer,  Frank  G.  Erskini 
Daniel  P.  Jenny,  and  Hanson,  America 
Concrete  Journal,  vol.  59,  No.  3,  March  196S 
pp.  803-811. 

(7)  Tensile  Strength  of  Concrete  Determine 
by  Cylinder  Splitting  Test,  by  Axel  Efsen  an 
Ole  Glarbo,  Beton  og  Jernebeton,  Copenhagen1 
vol.  8,  Nov.  1956,  pp.  33-39. 


106 


December  1962  •  PUBLIC  ROAD 


')■  tl 

relit 
streq 

press 
Mai 


The  Effect  of  Expressway  Design 
on  Driver  Tension  Responses 


^y  THE  TRAFFIC  OPERATIONS  RESEARCH  DIVES  I  ON 
WREAV  OF  P IB) JC  ROADS 


i 


The  relationship  of  highway  design  to  driving  stress  has  been  the  subject  of 
considerable  discussion.  The  study  reported  in  this  article  was  aimed  a  I  measur- 
ing driver  tension  by  use  of  the  galvanic  skin  reflex.  Four  expressways  of  differing 
design  were  driven.  It  was  found  that  a  freeway  with  complete  control  of  access 
and  good  geometric  design  generates  significantly  less  driver  tension  than  less 
rigorous  designs.  Also,  tension  is  dependent  on  traffic  volume,  rising  sharply 
as  volume  approaches  practical  capacity.  The  results  do  raise  the  question  of 
whether  tension  rises  because  capacity  is  reached  or  whether  the  capacity  limi- 
tation occurs  because  at  higher  volumes  tension  rises  sharply,  hence  causing 
the  driver  to  make  compensatory  responses. 

Comparisons  of  freeways  with  urban  arterials  and  primaries  indicated  the 
latter  generated  up  to  four  and  one-half  times  as  much  tension  as  the  freeway. 
The  real  benefit  comes  from  the  almost  total  elimination  of  marginal  conflicts 
for  the  freeway  driver.  The  results  of  this  study  indicate  that  there  may  be 
two  factors  involved  in  the  concept  of  comfort,  and  convenience  Comfort  may 
reflect  the  unpretlictable  interferences  in  driving;  convenience  may  reflect  the 
predictable  interferences  such  as  traffic  control  devices.  If  comfort,  and  con  - 
venience  can  be  separated,  the  CSR  may  be  a  direct  measure  of  route  comfort . 


loi 


Introduction 

•1 

A   PREVIOUS    study    conducted     by     the 

l\  Bureau   of   Public    Roads  (/)  -'   indicated 

that  driver  tension  responses,  as  measured  by 

galvanic  skin  reflex  (GSR),  could  be  used  to 

differentiate   between   different  types   of  city 

■^streets.  In  the  study  reported  here,  the  same 
technique  was  used  in  an  attempt  to  determine 
whether  driver  tension  responses  could  be  used 
similarly  to  differentiate  between  types  of 
design  of  expressways,  and  also  to  determine 
whether  such  responses  could  be  used  to  indi- 
cate differences  in  other  types  of  highways. 
With  the  basic  aim  of  differentiating  be- 
tween expressway  designs  by  using  driver 
tension  as  the  distinguishing  measure,  two 
types  of  tension-inducing  events  were  of 
prime    interest:  (1)    events    of    traffic    inter- 

.  ferences  similar  to  those  encountered  on  urban 
streets,  and  (2)  events  associated  with  the 
interferences    caused    by     geometric     design 

(features  of  the  highways.  Considerable  evi- 
dence supports  the  superiority  of  expressway 
design  over  the  older  highway  designs  or  high- 
ways with  less  control  of  access.  However,  it 
is  still  a  rather  moot  point  as  to  whether  any 
differences  exist  among  the  various   philoso- 

1  Presented  at  the  41st  annual  meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1962. 

2  References  indicated  by  italic  numbers  in  parentheses 
are  listed  on  page  112. 
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phies  of  design   that  are  being  proposed   for 
controlled-access  highways. 

Expressways  studied 

In  the  Washington,  D.C.,  metropolitan 
area,  it  was  possible  to  find  expressway 
designs  of  considerably  different  types,  which 
were  distinguishable  on  the  basis  of  their 
age,  as  well  as  their  design  features  and  design 
speed.  For  this  study,  four  expressways  of 
different  designs  were  selected;  although  these 
four  routes  represent  considerably  different 
designs,  none  may  be  considered  extreme  in 
any  sense. 

•  The  first  expressway,  built  specifically  to 
standards  for  highways  in  the  National  Sys- 
tem of  Interstate  and  Defense  Highways,  is 
an  Interstate  route  with  a  design  speed  of 
70  miles  per  hour. 

•  The  second  expressway,  a  15-year  old 
parkway  with  a  design  speed  of  50  miles  per 
hour,  was  designed  to  standards  that  were 
considerably  less  rigorous  in  terms  of  both 
curvature  and  grade  than  presently  are 
acceptable  for  Interstate  highways  in  flat  or 
rolling  terrain. 

•  The  third  expressway,  an  intermediate 
highway  in  terms  of  both  age  and  design 
criteria,  is  a  10-year  old  urban  freeway  having 
relatively  modern  curvature  and  grade  char- 
acteristics  and   a   design    speed   of   70    miles 
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per  hour.  Its  weakness  lies  in  the  sub- 
standard design  of  the  acceleration  and  de- 
celeration lanes. 

•  The  fourth  expressway,  a,  highway  having 
a  geometric  design  comparable  to  that  for 
the  Interstate  expressway  with  the  exception 
of  a  higher  magnitude  of  grade  and  curva- 
ture, had  only  partial  control  of  access  in 
the  section  used  for  this  study;  it  had  cross- 
overs in  the  median  and  several  at-grade 
intersections.  In  addition,  substandard  con- 
nections provided  commercial  establishments 
on  the  expressway  with  numerous  points  of 
access  to  a  frontage  road  that  followed  the 
same  route  tor  most  of  the  seel  ion  under 
study. 

In  general,  accomplishment,  of  the  basic 
aim  of  I  he  study  involved  attempts  to  dif- 
ferentiate among  these  four  different  types 
of  expressway  designs;  to  examine  the  tension 
responses  generated  on  these  four  expressways 
as  functions  of  design  characteristics  and 
traffic  interference;  to  determine  the  relation 
of  tension  responses  to  traffic  volume;  and 
to  relate  the  results  of  the  first  two  efforts  to 
the  design  of  other  types  of  highways. 

Procedure 

Sections  of  the  four  test  routes,  each 
approximately  8)2  miles  long  and  generally 
close  to  the  Washington,  D.  C,  area,  were 
chosen  for  this  study.  On  two  of  the  routes,  the 
volume  of  traffic  was  relatively  low,  and  they 
had  no  appreciable  peak  hours  of  traffic- 
less  than  500  vehicles  per  hour  in  two  lanes 
during  daylight  hours.  Consequently,  studies 
were  made  only  during  offpeak  hours,  from 
10  a.m.  to  3  p.m.  On  the  other  two  routes, 
which  are  important  expressways  used  for 
work  trips  into  Washington,  definite  peak 
periods  of  traffic  occurred.  Test,  runs,  timed 
in  cover  the  periods  of  maximum  traffic,  were 
made  on  these  two  routes  during  morning 
and  evening  peak  hours  and  also  during  the 
time  corresponding  to  the  offpeak  hours  on 
the  other  two  routes.  Prior  to  the  beginning 
of  this  study,  traffic  volume  counts  were 
made  on  the  routes  with  peak-hour  traffic, 
during  both  the  offpeak  and  peak  hours, 
so  that  the  GSR  data  collected  could  be 
related  to  traffic  volume. 
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Six  test   drivers  were  used;  all  were  males 
and  ;es  ranged  from  17  to  22  years. 

Two  of  the  six  had  had  previous  experience 
in  using  the  GSR  equipment  and  were  fairly 
familiar  with  the  plan  of  the  study  and  the 
operation  of  the  instrument.  Two  teams  of 
three  drivers  and  a  standard  passenger  car 
that  had  automatic  transmission  were  used. 
Three  people  were  ill  the  test  car  during  each 
run:  and  each  member  of  this  three-man  team 
served  on  successive  individual  runs  as  a 
driver,  an  observer,  and  a  data  recorder. 

The  observer  sat  in  the  front  seal  with  the 
driver  and  defined   the  cause  of  any   change 

made    in    the    position    or    S| d    of    the    test 

vehicle  interferences  from  traffic  or  from  de- 
sign characteristics  of  the  highway  for  the 
data  recorder  who  entered  the  information 
on  the  GSR  record.  Factors  considered  as 
possible  causes  for  changes  in  vehicle  speed 
or  position  had  been  coded  into  eight  cate- 
gories, four  wen'  traffic  related  and  four  were 
design  related.  \  list  of  these  interferences 
is  shown  in  table  1:  numbers  I  through  7 
apply  to  those  attributed  to  highway  char- 
acteristics, and  the  rest  of  the  numbers  apply 
to  those  attributed  to  traffic. 

For  each  run,  electrodes  were  fixed  to  the 
first  and  third  fingers  of  the  driver's  left  hand, 
and  the  sensitivity  level  of  the  GSR  equipment 
was  adjusted  to  a  point  at  which  a  shock 
stimulus  presented  by  the  observer  would 
cause  a  full-scale  deflection  of  the  recorder 
pen.  Once  adjusted,  the  sensitivity  level  was 
not  changed  while  tin'  particular  driver  was 
making  his  runs.  Each  driver  covered  the 
test  route  in  one  direct  ion,  took  a  short  break, 
and  returned.  The  travel  limes  for  the  8]->- 
mile  test  sections  varied  from  S  to  21  minutes. 
Each  of  the  six  test  drivers  covered  each  of 
the  four  routes,  as  follows:  12  times  each  for 
oll'peak  and  peak  traffic  hours  on  each  of  two 
routes,  and  12  times  each  for  each  of  the  two 
routes  that  had  no  peak-hour  traffic. 

All  data  were  recorded  on  chart  paper;  they 
included  pertinent  information  about  the 
route  and  driver  as  well  a?;  the  GSR  data. 
Because  only  the  galvanic  skin  responses 
aroused  by  the  specific,  observable  interfer- 
ences were  considered  in  this  study,  only  the 
GSR  data  that  were  associated  with  the  in- 
terferences listed  in  table  I  were  analyzed. 
'I'he  basic  measure  of  tension  was  defined  as 
the  magnitude  of  GSR  per  unit  of  time;  this 
measure  equalized  the  data  for  differences 
either  in  length  of  routes  or  in  running  times 
and  tended  to  make  the  distribution  of  the 
GSR  data  more  symmetrical  than  would  have 
been  obtained  with  GSR  magnitude  as  the 
measure. 

Tension  Kesfton.ses  and  Traffic 
Volumes 

The  relationship  between  tension  responses 
and  volume  of  traffic,  which  varied  on  the  four 
routes  from  approximately  300  to  .'5,500  vehi- 
cles per  hour  in  the  two  lanes,  was  of  funda- 
mental interest.  The  data,  collected  for  all 
routes  were  combined  according  to  volume, 
and  the  curve  of  tension  responses  versus  the 
traffic  volume  is  shown   in   figure   1.      Because 

108 


20 


2" 
O 


/ 

1 

• 

r 

/ 

•' 

s 

^.•"^ 

h««"«" 

•  «*■ 

"**■ 

• 

400  800  1200  1600  2000  2400  2800  3200  3600 

VOLUME  -  V.  P.  H. 

Figure  I. — Effect  of  traffic  volume  on  tension  responses. 
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Figure  2. — Effect  of  traffic  volume  on  rale  of  occurrence  of  interferences. 


this  curve  shows  only  the  effect  of  traffic  inter- 
ferences on  tension,  it  illustrates  the  direct  re- 
lationship between  driver  tension  and  volume 
of  traffic.  The  relat  ionship  seemed  to  be  quite 
linear  up  to  about  2,400  vehicles  per  hour-  in 
two  lanes,  and  then  the  rise  in  tension  ap- 
peared to  increase  exponentially.  Tension- 
traffic  volume  data,  also  were  analyzed  for  the 
individual  drivers  and  the  same  general  form 
of  the  curve  was  found  for  all. 

A  two-way  analysis  of  variance  was  per- 
formed on  the  data  collected  for  driver  tension 
responses  to  traffic  volume,  and  an  analysis 
was  made  of  the  trend  of  tension  in  relation  to 
volume.  The  summary  for  these  analyses  is 
shown  in  table  2.  The  interaction  term  was 
found  to  be  insignificant  and  was  pooled  with 
the  residual.  The  results  indicated  a  signifi- 
cant difference  both  among  drivers  and  traffic 
volumes  at  better  than  I  he  0.01  level.  In  addi- 
tion, the  quadratic  as  well  as  the  linear  com- 
ponent of  trend  was  significant  at  the  0.01 
level.  Thus,  the  form  of  the  curve  shown  in 
figure  1  appears  to  be  reliable. 

A  basic  question  in  the  use  of  the  GSR  con- 
cerned  whether   it    was    measuring  something 


more  than  simply  the  frequency  of  occurrenc 
of  the  interferences.  If  the  same  function  d« 
fined  the  relation  between  interference  pt 
unit  of  time  and  the  traffic  volume  as  it  di 
for  driver  tension  and  traffic  volume,  then  th 
same  results  could  be  obtained  simply  b 
colliding'  the  number  changes  in  the  speed 
position  of  the  vehicle.  To  examine  this  poss 
bility,  the  number  of  traffic  interferences  pi 
unit  of  time  as  a  function  of  traffic  volume  wa 
calculated,  and  the  resultant  data  are  plotte 
in  figure  2.  The  same  type  of  analysis  of  var 
ance  performed  for  the  tension-traffic  volum 
data,  was  carried  out  on  the  interferences-pel 
minute  data.  The  summary  of  this  analysis 
shown  in  table  'A.  In  this  analysis,  as  in  th 
previous  one,  differences  among  the  two  majd, 
variables  were  significant.  The  linear  tren 
among  the  volumes  also  was  significant  at  th 
0.01  level,  but  the  quadratic  component  di 
not  reach  significance  at  this  level.  Thus  th 
st  raight  line  relation  shown  in  figure  2  was  th 
best  fit  to  the  data. 

From  the  two  analyses  of  variance,  it  seem] 
reasonable  to  conclude  that  the  traffic  inter 
ferences   do    induce  a  greater    behavioral 
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Table  1. — Driving  interferences 


Interferences- 


Identification 
Number 


Name 


Instream  vehicles 

Merging  or  crossing  vehicles 
Exiting  vehicles.. 

Gradient 

Curvature 

Pavement  changes 

Shoulder  objects.   

Pedesti  mi  j 


Description 


Conflicts  caused  by  vehicles  traveling  in  same  direction. 

Position  or  speed  change  caused  by  vehicles  converging  on  test  ear. 

Position  0]  speed  change  caused  by  vehicles  diverging  from  traffic 
stream. 

Change  in  speed  or  position  caused  by  grade. 

Change  in  speed  or  position  caused  by  curvature. 

Position  or  speed  change  caused  by  variations  in  highway  surface. 

Position  or  speed  change  caused  by  shoulder  objects  such  ascarsor 
abutments. 

Changes  caused  by  conflicts  with  pedestrians  01  animals. 


Table  2. — Summary  of  analysis  of  variance  on  tension  caused  by  traffic  volume 


Source  of  variance 

Sum  of 
squares 

'If 

Mian 
square 

F,  ratio 

lict  ween  subjects. 

2,034.38 
2,  865.  04 

1.535.76 

6,  435. 18 

5 
5 

97 

107 

106  88 

573.01 
15.  83 

i  25  7n 
i  36.  20 

Between  volume... ___ 

Error  ...     ... 

TOTAL .    . 

Linear  trend... 
Quadratic  trend.    .      . 

1.705.45 
117.  72 

1 
1 

'  107.  73 
1  7.44 

'  Significant  at  the  0.01  level. 
fable  3. — Summary  of  analysis  of  variance  on  frequency  of  interferences  caused  by  volume 


Source  of  variance 

Sum  of 
squares 

•If 

Mean 
square 

F,  ratio 

Between  subjects 

Between  volume.. 

Krror   ...              .   .         .... 

I'M    , 

15.99 
79.  87 

78.10 

L74.02 

5 
5 
97 

107 

3.  20 
15.97 
0.  81 

i  4.77 
i  19.  72 

Linear  trend. 

70.15 
4.47 

1 
1 

70.  15 

4.47 

1  86.  60 
5.52 

t  Significant  at  the  0.01  level. 

Table  -1. — Summary  of  analysis  of  variance  of  tension  responses  caused  by  traffic 

interferences 


Source  of  variation 

Sum  of 
squares 

df 

Mean 
square 

F,  ratio 

1.  122.6 

468. 0 

32.  5 

300.  6 

118.5 

64.7 

4,  858.  8 

6,  965.  7 

5 
3 

1 

15 

3 

5 

255 

287 

224.  52 
156.0 
32.  50 
20.  04 
39.  50 
12.  94 
19.05 

t  11.79 

■8.  19 
1.71 
1.05 
2.07 

Routes. 

Routes  and  subjects... 
Direction  and  routes.   .. 

Direction  and  subjects 

Error 

TOTAL   ..          .    . 

1  Significant  at  the  0.01  level. 
Table  5. — Summary  of  analysis  of  variance  of  highway  characteristics  (4-7) 


Source  of  variation 

Sum  "I 
squares 

'If 

Mean 

square 

F,  ratio 

2.416.4 
1,592.5 

95.4 
1,564.6 

19.  1 

243.1 

4,  633.  2 

10,564.3 

. 

3 
1 
15 
3 
5 
255 

287 

483. 3 

530.  X 
95.4 

104.  3 

6.4 

48.6 

18.2 

1  26  6 

i  29.  2 

5.2 

i  5.7 

2.7 

Direction.. ..     . 

Routes  and  subjects . 

Direction  and  routes 

Direction  and  subjects. .  .. 
Error 

TOTAL 

i  Significant  at  the  0.01  level. 
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•sponse  than  is  indicated  simply  by  the  fre- 
quency of  their  occurrences.  Thus,  the  use 
of  the  GSR  may  be  a  behavioral  measure 
of  the  operational  efficiency  of  a  highway,  .and 
also  it  may  be  a  measure  of  the  practical 
capacity  of  a  highway. 

Different  tat  in?;  Among  the  Highivays 

The  average  magnitude  of  response  per 
minute  was  determined  for  each  lest  driver, 
for  each  route,  and  for  the  four  traffic  inter- 
ferences during  the  offpeak  hours.  These 
data  were  subjected  to  an  analysis  of  variance 
for  which  the  summary  is  shown  in  table  t. 
Xo  significant  differences  were  noted  between 
the  data  for  direct  ions,  inbound  vs.  outbound, 
but  significant  differences  were  noted  between 
data  for  the  drivers  and  the  data  for  the  four 
routes. 

Ordering  the  tension  data  according  to 
highway,  the  highway  built  to  Interstate 
standards  generated  less  tension  for  each  ol 
I  he  six  drivers  than  the  other  three  highways. 
Because  litis  ranking  included  differences  in 
tension  caused  by  traffic  volume,  a  correction 
was  applied  to  the  data  shown  in  figure  1  to 
eliminate  the  effect  of  differences  in  volume — 
even  during  the  offpeak  hours,  I  he  urban 
freeway  always  carried  three  to  four  times 
more  traffic  than  the  other  routes.  All 
tension  responses  wen.'  corrected  by  multi- 
plying them  by  ;i  weight,  which  was  the  ratio 
of  tension  .it  n  volume  of  500  vehicles  per 
hour  to  the  tension  at  1,250  vehicles  per  hour. 
An  analysis  of  variance  was  performed  with 
the  corrected  data  and,  as  before,  a  significant 
difference  among  I  he  routes  was  found.  Nov* , 
t  he  ranking  of  I  he  four  routes  was  si  ill  reliable, 
but  the  lowest  level  of  tension  was  for  the 
urban  freeway,  and  the  next  higher  levels  of 
tensions  were  successively  for  the  Interstate 
route,  1  he  parkway,  and  the  freeway  having 
only  partial  control  of  access. 

The  data  for  average  magnitude  of  response 
per  minute  for  offpeak  traffic  hours  also  were 
analyzed  to  determine  the  effects  of  interfer- 
ences caused  by  highway  design  characteris- 
tics. Analysis  of  variance  was  performed  in 
the  same  manner  as  for  the  traffic  interfer- 
ences. The  results,  which  showed  significant 
effects  among  the  drivers  and  the  routes,  are 
given  in  table  5.  Significant  rank  order  among 
the  highways  also  was  determined;  this  order, 
from  the  lowest  to  highest  tension  induction 
was:  the  urban  freeway,  the  parkway,  the 
freeway  having  partial  control  of  access,  and 
the  Interstate  route. 

GSR    Magnitude    Related    to 
I  >i  terferences 

An  analysis  for  the  average  magnitude  ol 
GSR  among  the  eight  driving  interferences 
was  made.  A  rank  test,  was  employed  rather 
than  an  analysis  of  the  average  magnitudes  of 
the  GSR  themselves.  Although  a  rank  test  is 
weak,  its  use  avoids  the  necessity  for  meeting 
the  distributional  assumptions  that  would  be 
required  for  stronger  normal  tests.  The  ranks 
for  each  route  were  compared;  the  test  drivers 
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were  considered  .-is  replii  ti  \  summary  for 
the  four  ionics,  with  the  significance  of  the 
rank  order,  is  shown  in  table  (J.  This  data 
shows    the    Ii  route    had    a    ranking 

anions;  the  i  111  that  was  significant  at  the 
0.01  level.  A  comparison  was  made  on  the 
combined  rankings  of  the  four  routes  and  the 
ranking  of  events  was  significant-  at  better 
than  the  0.01  level. 

The  ordering  among  the  eighl  different  in- 
terferences indicates  very  clearly  thai  the 
traffic  interferences  consistently  generated  the 
highest  ma.gnit  ude  of  GSR.  The  highest  aver- 
age magnitude  was  generated  by  merging 
vehicles  and  the  second  highest  by  both  in- 
im  conflicts  and  exiting  vehicles.  Among 
the  highwaj  characteristics,  the  highest,  mag- 
nitude of  driver  tension  was  induced  by 
changes  in  pavement  characteristics;  this  was 
followed  very  closely  by  thai  induced  during 
negotiation  of  curves. 

Frequency  of  Interferences 

The  importance  of  the  rankings  of  the  average 
magnitude  of  the  GSR  is  meaningful,  in  part, 
according  to  the  frequency  with  which  the 
interferences  actually  occurred.  Futher  anal- 
ysis of  the  distribution  of  the  occurrence  of 
the  interferences  was  carried  out  on  the  data 
for  all  test  drivers  combined;  the  distribu- 
tions for  each  of  the  highways  are  shown  in 
table  7.  Two  interferences  accounted  for 
approximately  70  percent  of  them  on  all 
the  routes:  Interference  No.  1,  instream 
traffic  interferences;  and  interference  No.  5, 
negotiation  of  curves.  The  differences  shown 
in  table  7  indicate  thai  on  the  urban  freeway, 
instream  interferences  were  considerably 
greater  than  the  interferences  of  changes  in 
curvature;  this  was  expected  because  of  the 
relatively  high  volume  of  traffic  on  this 
expressway  even  during  the  offpeak  traffic 
hours.  On  the  parkway,  however,  this 
pattern  was  reversed,  which  indicated  the 
greater  frequency  and  higher  degree  of  curva- 
ture of  this  type  of  highway  design.  It  is 
interesting  to  note  that  this  reversal  occurred 
even  though  the  traffic  volume  was  greater 
on  the  parkway  than  on  the  Interstate  route. 
This  reversal,  therefore,  indicated  that  the 
differences  in  GSR  were  caused  by  design 
characteristics. 

Two  groups  of  interferences 

The  eight  interferences  were  divided  into 
two  groups  for  analysis;  one  for  those  caused 
by  traffic  and  one  for  those  caused  by  highway 
design  characteristics.  The  frequency  of 
occurrence  for  these  interferences  is  given  in 
table  8.  Inspection  showed  considerable 
similarity  of  interferences  among  the  four 
routes,  the  major  difference  being  noted  for 
those  occurring  on  the  parkway.  This  dif- 
ference was  indicated  by  the  sharp  increase 
in  the  number  of  interferences  caused  b\ 
highway  curvature  as  opposed  to  the  number 
of  interferences  from  this  source  for  the 
other  three  routes. 

The  data  on  the  distribution  of  traffic 
interferences,  also  shown  in  table  8,  indicate 
that  instream  conflicts  are  the  dominant  type 
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Table  6. — Rank  order  of  average  magnitude  of  GSR  generated  by  interferences  for  eac 

route ' 


Rank  i 

Interstate 
highway 

Urban  freeway 

Parkway 

Expressway  with 

partial  control 

of  access 

All 

l 

t 
K 

8 

2 
1 

7 
r, 

3 

1 
8 

2 
3 

l 

r, 
8 
1 

2 
:t 
i 

i, 
7 

1 
8 

3 

1 
2 

8 

i 

2,  merging  vehicles 
1,  instream  vehicles 

3,  exiting  vehicles 

6,  pavement 

7,  shoulder  objects 
5,  curvature 

4,  grade 

8,  pedestrians 

Reliability 
of  rank 
P<0.01 

Reliability 
of  rank 
P<0.15 

Reliability 
of  rank 
P<0.07 

Reliability 
of  rank 
P<0.11 

Reliability 
of  rank 
P<0.01 

1  For  definition  of  events  see  table  1. 

■  Ordering  is  from  highest  <;SR  average  to  lowest. 

Table  7. — Percentage  distribution  of  interference — offpeak  data 


Route 


Interstate  highway: 

In.. - 

Out 

Urban  freeway: 

In_ 

Out 

Parkwav: 

In 

Out. 

Expressway  with  partial  control  of  access 

In_ 

Out 


Interferences 


21.0 
24.0 


48.4 
51.9 


29.4 
28.3 


30.7 
31.3 


0.8 
0.7 


2.4 
1.2 


1.7 

1.  1 


2.6 
2.2 


0.5 
0.3 


0.4 
0.9 


0.8 
1.4 


0.9 
1.0 


23.9 
26.8 


11.2 
12.9 


8.0 
11.3 


17.2 
18.0 


37.4 
39.1 


26.3 
22.3 


43.7 
41.9 


37.2 
38.8 


11.9 
3.9 


5.5 
5.2 


6.2 
6.2 


9.0 
5.5 


2.3 

1.8 


0.2 

0.8 


0.5 
0.7 


1.0 

0.8 


0.2 
0.2 


0.1 
0.4 


0.8 
0.5 


0.6 
0.2 


of  interference  for  drivers  on  freeways.  These 
data  were  consistent  for  all  routes  for  offpeak 
I  raffle  hours — between  90  and  95  percent  of 
all  interferences  were  instream  conflicts. 
Information  in  table  8  also  shows  that  on 
the  high-volume  urban  freeway  more  than 
half  of  all  the  observed  interferences  were 
caused  by  traffic,  but  only  approximately 
one-fourth  of  the  interferences  noted  for  the 
Interstate  highway  were  caused  by  traffic. 

1'etision    Induction  on   Freeway  and 
Urban  Arterial 

Data  also  were  available  for  two  of  the  six 
test  drivers  for  the  same  urban  arterial 
studied  previously  (1),  a.  four-lane  rural 
primary  highway  with  no  control  of  access, 
and  a  freeway.  These  data,  however,  were 
restricted  to  traffic  interferences  and  did  not 
reflect  tension  caused  by  highway  design 
characteristics.  A  comparison  of  data  from 
these  two  highways  and  the  high-type  express- 
way is  presented  in  table  9.  <The  ratios  of 
driver  tension  are  shown  in  the  last  column  of 
the  table.  The  results  of  the  comparison 
indicate  the  superiority  of  eontrolled-access 
design  in  reducing  traffic  interferences. 

Disenssioti 

The  results  of  this  study  indicate  that  the 
GSR  can  be  used  as  a  measure  to  differentiate 
a  mong  types  of  expressway  design.  Although 
actual  differences  in  the  designs  of  the  four 
expressways,  all  in  good  condition,  were 
relatively  small,  significant  differences  among 
them  were  noted  in  terms  of  tension  responses. 


The  differences  attributed  to  each  of  the  tw 
types  of  interferences  studied  demonstrate 
the  effect  of  the  different  highway  designs 

For  traffic  interferences,  the  urban  freewa 
and  the  Interstate  route  were  significantl 
less  tension  inducing  than  the  other  two  higf 
ways.  Actually,  for  the  through  driver,  boti 
of  these  roads  were  nearly  comparable 
terms  of  tension  induction  because  the  urb£ 
freeway  has  geometric  design  characteristic 
that  meet  Interstate  standards  over  most  ( 
the  study  section.  Marginal  eharacteristii 
related  to  shoulders  and  ramps  represent  tl 
deficiencies  of  the  urban  freeway,  but  whe 
equated  for  traffic  volumes,  the  two  routes  ai 
very  similar. 

This  study  showed  that,  as  far  as  tl 
frequency  and  magnitude  of  traffic  con  flic 
are  concerned,  highways  designed  to  modei 
freeway  standards  are  clearly  superior 
those  more  loosely  designed.  Control  > 
access  on  expressways  eliminates  much  of  tl 
marginal  conflict  for  the  through  driver;  th 
was  demonstrated  in  the  contrast  between  tl 
Interstate  route  and  the  design  having  onl 
partial  control  of  access.  The  latter  wa 
consistently  the  most  tension  inducing  routf 
the  major  difference  was  in  an  increase  in  th 
frequency  of  the  occurrence  of  conflicts  wifl 
merging  and  exiting  vehicles,  that  is,  margin: 
interferences.  This  difference  was  furthe 
shown  in  the  comparisons  of  the  GSR  dat 
for  the  primary  and  urban  arterial.  The! 
routes  generated  around  30  percent  of  the, 
conflicts  from  marginal  interferences,  bt 
the  high-type  expressway  generated  less  thaj 
10  percent  from  such  interferences. 
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'able   8. — Percentage   distribution   of   highway    ami    traffic    interferences— offpeak    hours 


Route 

Highway  interferences 

Traffic  interferences 

Percentage 
of  total  in- 
terferences 
from  traffic 

4 

5 

6 

7 

1 

2 

3 

8 

Interstate  highway: 
In           -  -- 

31.7 
37.4 

25.9 
31.2 

13.8 
18.8 

26.7 
28.5 

49.5 
54.5 

60.9 
54.2 

74.9 
69.7 

57.7 
61.5 

15.8 
5.5 

12.7 
12.6 

10.5 
10.3 

14.0 
8.7 

3.0 
2.6 

0.5 
1.9 

0.8 
1.  1 

1.6 
1.2 

93.  0 
95.5 

94.3 
95.4 

89.8 
90.5 

88.4 
90.2 

3.8 
2.7 

4.7 
2.2 

5.2 
3.6 

7.4 
6.3 

2.3 

1.1 

0.9 
1.7 

2.4 
4.5 

2.5 
2.9 

0.9 
0.7 

0.1 
0.7 

2.6 
1.4 

1.7 
0.7 

23.11 
26.0 

54.4 
56.9 

35.9 
34.2 

35.1 
35.5 

Out                     

Urban  freeway: 
In                    - 

Out                   ...  -  

Parkway: 
In           

Out 

Expressway  with  partial  control  of 
access: 
In                    

Out                     - 

Table  9.— Te 

nsion  generated  on  three 

types 

of  highways 

1  (  |i.  ol  higivw  :i> 

Tension,  magnitude/mi nute 

Ratio  of  tension  on  three  routes  to 
tension  on  expressway 

Driver  A 

Driver  B 

Average 

Driver  A 

Driver  B 

A  verage 

Controlled  access 

5.7 
10.8 
13.9 

5.5 

8.8 

23.5 

5.6 
9.8 
18.7 

1.00 
1.89 
2.44 

1.  00 
1.60 
4.27 

1.00 
1.75 
3.  34 

Urban  arterial 

A  similar  but  more  subtle  interaction  was 
oted  for  the  parkway;  the  tolerance  of  high 
urvature  and  gradient  interacted  with  the 
raffic  interferences  to  increase  the  level  of 
bnsion  for  the  drivers.  The  driver  had 
icreased  difficulties  in  handling  the  conflicts 
i  traffic  when  he  also  had  to  cope  with  rat  her 
^.rge  changes  in  the  geometries  of  the  highway 
.self. 

The  tension-producing  relationships  among 
he  highways  lend  support  to  the  hypothesis, 
roposed  in  the  previous  study  with  GSR  (/), 
hat  one  of  the  basic  determinants  of  driver 
ension  is  the  degree  of  predictability  that 
xists  in  the  driving  environment.  It  was 
bvious  from  this  study  that,  under  high- 
folume  traffic  conditions,  the  driver  is  inter- 
ring with  vehicles  around  him  and  must 
ondition  his  performance  to  his  expectation 
f  what  other  vehicles  are  doing  and  will  do. 
n  general,  he  does  not  have  enough  informa- 
ion  to  develop  stable  or  reliable  predictions 
■bout  the  activities   of  these   other  vehicles. 

!ij)n  a  highway  having  only  partial  control  of 
ccess,  his  problem  is  confounded  by  the 
ricrease  in  marginal  activity,  especially  when 
oth  entering  and  exiting  interferences  involve 
arge,  angular  closing  rates.     Thus,  increasing 

!  raffic  volume,  increasing  marginal  activity, 
nd  increasing  variations  in  the  highway  itself 
.11  contribute  to  the  complexity  of  the  driving 
.nd   in    turn    make   it    more    difficult   for    the 

•k driver    to    develop    stable    predictions    about 

;!  lis  driving  environment. 

tl 
Jighway  rankings 

The  results  of  the  rankings  of  the  routes  for 
he  highway  characteristics  are  rather 
momalous.  The  Interstate  route,  which 
perated  well  relative  to  traffic  interferences, 
lf  ;enerated  the  highest  tension  from  highway 
•"Interferences.  The  resolution  of  this  paradox 
nay  well  be  the  differences  in  travel  speed  on 
hese    highways.       A    systematic    difference 


a 


among  I  he  four  expressways  occurred  in  terms 
of  the  speed  adopted  by  the  drivers — an 
average  of:  between  60  and  65  miles  per  hour 
on  the  Interstate  route,  nearly  50  miles  per 
hour  on  the  urban  freeway,  and  nearly  40 
miles  per  hour  on  the  parkway. 

The  increasing  speeds  indicated  that  drivers 
compensate  for  infrequent  traffic  inter- 
ferences either  from  low  volume  of  traffic 
or  good  highway  design — by  traveling  faster. 
In  other  words,  drivers  tend  to  make  their 
speeds  contingent  upon  the  perceived  com- 
plexity of  the  driving  situation.  In  effect,  the 
design  of  the  Interstate  route  permitted  a 
driver  to  increase  his  speed  to  the  point  at 
which  the  highway  characteristics  of  curva- 
ture, grade,  and  pavement  condition  began  to 
affect  his  operation  of  the  vehicle.  Such  a 
conclusion  would  suggest  that  drivers  adopt 
some  kind  of  a  critical  level  of  driving  tension. 

In  these  terms,  tension  induced  in  driving 
may  well  represent  one  mechanisn  by  which 
the  driver  can  stabilize  the  system.  That  is, 
by  driving  at  or  near  the  speed  at  which 
tension  responses  increase  sharply,  the  driver 
will  be  able  to  determine  qualitatively  an 
upper  limit  to  his  control  over  the  driving 
sit  nation.  Obviously,  this  kind  of  criterion 
will  be  applicable  to  interferences  caused  by 
either  traffic  or  highway  conditions,  or  both. 
When  traffic  conditions  are  such  that  the 
driver  is  subject  to  considerable  stress,  he 
will  reduce  his  speed  and  thereby  decrease 
the  frequency  of  tension-inducing  stimuli. 
When  traffic  is  not  a  factor,  he  will  utilize  the 
highway  characteristics  and  drive  sufficiently 
fast  to  get.  information  from  the  road  itself 
to  give  him  a  measure  of  performance. 
Comfort  and  convenience 

The  results  of  this  study  also  bear  on  the 
problem  of  comfort  and  convenience.  For 
many  years,  it  has  been  known  that  driver 
choices  among  alternative  routes  could  not  be 
accounted  for  either  on  the  basis  of  economy 
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of  operation  or  of  time.  It  has  been  tiec 
sary,  therefore,  t<>  pustulate  the  additional 
factor  of  comfort  and  convenience.  The  basic 
problem  with  such  a  construct  is  to  develop  an 
operational  definition  that  will  make  it  meas- 
urable. Differences  in  tension  responses  on 
different  highways  may  represent  one  avenue 
for  resolving  this  problem. 

Data  in  this  study  indicate  that  a  rural 
primary  highway  as  an  alternate  route  for  a 
freeway  generates  twice  as  much  tension  as 
the  freeway  itself.  Furthermore,  on  the  high- 
ways such  as  this  that  have  no  control  of 
access,  nearly  30  percent  of  the  traffic  inter- 
ferences arose  from  marginal  conflicts,  but  on 
the  freeway  less  than  10  percent  of  the  traffic 
interferences  arose  from  these  sources.  How- 
ever, little  difference  was  noted  in  tension 
generated  by  instream  conflicts,  except  that 
fewer  of  these  conflicts  occurred  on  the  free- 
way. Thus,  two  major  factors  appear  to 
account  for  the  differences  in  tension  generated 
by  the  freeway  and  the  primary  having  uncon- 
trolled access:  (1)  proportion  of  marginal  in- 
terferences, and  (2)  frequency  of  instream  con- 
flict. Such  a  breakdown  suggests  a  logical 
distinction  between  comfort  and  convenience. 
Thus,  the  comfort  of  a  route  may  be  defined 
as  the  tension  caused  by  unpredictable  con- 
flicts. Considered  in  terms  of  the  predicta- 
bility of  the  interferences,  route  comfort 
appears  to  be  measurable  by  use  of  the  GSR. 

Convenience  may  be  defined  as  the  degree 
of  freedom  that  a  driver  has  in  setting  the  level 
of  performance  of  his  own  system.  Elements 
in  the  route  that  restrict  the  driver  or  force 
conformity  to  external  controls  would  make 
that  route  inconvenient.  For  example,  a  wide 
variety  of  traffic  control  devices  generally  are 
predictable,  but  they  force  the  driver  to  make 
control  changes  that  may  conflict  both  with 
the  operation  of  his  system  and  his  driving 
objectives.  Similarly,  interaction  with  other 
vehicles  in  the  traffic  stream  frequently  is 
predictable,  at  least  at  moderate  volumes  of 
traffic,  yet  it  restricts  the  driver's  freedom  of 
action.  In  this  respect,  it  is  interesting  to  note 
that  the  relation  between  tension  and  traffic 
volume,  shown  by  data  in  figure  1,  breaks 
sharply  around  2,800  vehicles  per  hour  or  an 
average  of  1,400  vehicles  per  lane  per  hour. 
This  may  represent  the  point  at  which  the 
i  raffic  situation  becomes  highly  unpredictable; 
in  terms  of  this  discussion,  the  point  at  which 
driving  would  change  from  being  inconvenient 
to  being  uncomfortable.  Because  the  data  of 
this  study  show  only  small  differences  in  the 
average  GSR  from  instream  interferences,  it  is 
entirely  possible  that  their  frequency  of  occur- 
rence alone  may  be  an  adequate  measure  of 
convenience.  Claffey  {2)  used  such  a  measure 
in  his  studies  of  comfort,  and  convenience,  but 
he  made  no  distinction  between  the  two 
factors. 

It  is  difficult  to  determine  the  weighting  of 
the  two  factors  of  marginal  and  instream 
conflicts  to  fit  some  route  choice  equation. 
However,  by  using  the  GSR  as  an  overall 
measure  of  both  factors,  the  data  given  in 
table  9  show  that  the  freeway  generated  the 
least  tension;  the  primary  route  having  im- 
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controlled  access  generated  1.75  times  more 
tension  :m<l  the  arterial  highway  generated 
:>.:o  times  more  tension  than  the  freeway. 
B\  subjective  responses,  the  drivers  evaluated 
the  three  routes  in  a  direct  but  non-linear 
ion  with  tension ;  t  hat  is,  their  dislike  of  a 
route  increased  more  rapidly  than  tension 
increased.  Considerable  research  will  be  re- 
quired to  verify  this  relation  and  factors  related 
to  the  choice  among  alternative  routes. 

Comparison    of    the    data    from    this    study 
clearlj     shows     the    superiority    of    modern 


expresswaj  design  over  oi  her  types  of  highway 
design.  Nearly  all  traffic  interferences  were 
minimized  by  these  modern  designs,  except  for 
certain  of  those  occurring  within  the  traffic 
stream.  Thus,  even  under  high-volume  traffic 
conditions,  modern  freeway  design  will  help  to 
restrict  the  type  of  conflicts  with  which  a  driver 
must  deal  to  those  that  are  the  easiest  for  him 
to  resolve  efficiently.  However,  this  study  also 
indicated  that  modifications  in  highway  de- 
sign alone  may  not  necessarily  increase  overall 
system  stability. 


REFERENCES 

(1)  Tension,  Responses  of  Drivers  General 
on  Urban  Streets,  by  R.  M.  Michaels,  Highw 
Research  Board  Bulletin  271,  1960,  pp.  29-4 

(2)  Characteristics  of  Passenger-Car  Tra; 
on  Toll  Roads  and  Comparable  Free  Roads  j 
Highway  User  Benefit  Studies,  by  P.  J.  Claffe 
Public  Roads,  vol.  31,  No.  8,  June  1961,  j 
167-176. 


PAVEMENT  RESEARCH 

(Second  AASHO  Road  Test  Film) 


The  second  film  produced  in  connection  wit  ii 
the  AASHO  Road  Test,  Pavement  Research, 
has  been  released  by  the  Bureau  of  Public 
Roads.  This  16-mm.  color  film  lias  a  run- 
ning time  of  37  minutes;  it  shows  the  tests 
made  on  rigid  and  flexible-type  pavements, 
the  rationale  for  analysis  of  the  data,  and 
the  principal  test  results.  As  a  companion 
film  to  Mali  rials  a  mi  Construction,  which 
recorded   the   Test  for  the    1956-1958  period, 


Pavement  Research  summarizes  the  program 
for  the  1958-1961  period.  A  short  description 
of  the  AASHO  Road  Test  and  production  of 
these  two  films  appears  in  Public  Roads, 
vol.  32,  No.  3,  August  1962,  p.  63. 

Prints  of  Pavement  Research,  and  of  the 
first  film  Materials  ami  Construction,  are 
available  on  a  loan  basis  from  the  Bureau  of 
Public     Roads,    Photographic    Section,     1717 


H  Street  NW,  Washington  25,  D.C.  The 
prints  may  be  borrowed  by  any  responsi] 
organization.  There  is  no  charge  other  ths 
for  express  or  postage  fees.  Requests  shou 
be  submitted  well  in  advance  of  the  desig 
showing  date,  and  alternate  dates  should 
indicated,  if  possible.  Immediate  return 
required.  Inquiries  about  purchase  of  t 
film  or  films  should  be  addressed  to  tj 
Public  Roads  Photographic  Section. 
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Passenger  Car  Fuel-Consumption  Rates 


37  THE  ECONOMIC  RESEARCH  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Information  onfuel-consumption  rates 
of  passenger  cars  presented  in  this  article 
was  collected  primarily  to  provide  data 
for  the  report  submitted  to  Congress  as 
part  of  the  Bureau  of  Public  Roads 
Highway  Cost  Allocation  Study.  The 
analysis  in  the  article  is  more  detailed 
than  could  be  prepared  for  that  report. 
Fuel-consumption  rates  have  many 
uses,  the  paramount  one  being  in  the 
Uf  forecasting  of  tax  revenues  that  ivill  be 
available  for  highway  programs.  Fuel- 
consumption  rates  also  are  helpful  tools 
for  measuring  the  use  made  of  highways 
and  for  determining  the  fairness  of  the 
tax  burdens  imposed  on  different  types 
of  vehicles. 

The  findings  on  passenger-car  fuel- 
consumption  rates  are  expected  to  be 
useful  to  highway  administrators  and 
planners  and  to  others  requiring  infor- 
mation on  fuel-consumption  rates. 
These  findings  reflect  the  actual,  normal 
daily  use  of  many  privately -owned  pas- 
senger cars  rather  than  reports  for  test 
vehicles  or  for  those  employed  for  a  few 
specialised  purposes. 

Introduction 


FUEL-CONSUMPTION  rates  enter  into 
estimates  for  fuel  tax  contributions  of  the 
different  classes  of  motor-vehicles.  Estimates 
Df  the  tax  yield  have  many  uses;  two  may  be 
noted:  (1)  determination  of  highway-user  tax 
schedules  that  rest  equitably  on  the  classes  of 
vehicles,  and  (2)  calculation  of  benefit-cost 
analyses  for  highway  system  segments  for 
which  the  traffic  composition  can  be  postu- 
lated. To  obtain  the  best  possible  measures, 
past  bases  for  estimating  rates  of  fuel-con- 
sumption must  be  examined,  and  they  must 
be  revised,  if  need  be,  to  reflect  more  accu- 
rately the  changes  in  vehicles  and  their  use. 

The  Bureau  of  Public  Roads  estimated  aver- 
age motor-vehicle  payments  to  the  Highway 
Trust  Fund  as  part  of  the  Highway  Cost  Allo- 
cation Study  required  by  Section  210  of  the 
Highway  Revenue  Act  of  1956  (l).1  Esti- 
mated fuel-consumption  rates  served  as  one 
basis  for  calculating  the  average  vehicle  pay- 
ments. The  rate  for  passenger  cars  was  based, 
in  part,  upon  data  on  the  use  of  privately- 
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1  References  indicated  bylitalic  numbers  in  parentheses 
are  listed  on  page  120. 


owned  passenger  cars  that  had  been  submitted 
for  specified  periods  between  October  1959  and 
March  1961  by  groups  of  employees  of  nine 
State  highway  departments  and  the  corre- 
sponding Division,  and  some  Regional,  offices 
of  the  Bureau  of  Public  Roads.  Because  all 
reports  were  not  available  in  time  to  permit  a 
detailed  analysis  for  use  in  the  report  to  Con- 
gress, this  article  presents  an  analysis  of  all  the 
data  collected.  The  findings  should  be  of  use 
to  administrators  and  planners  because  they 
reflect  the  actual,  daily  use  of  many  privately- 
owned  passengers  cars  rather  than  reports  for 
test  vehicles  or  for  those  employed  for  a  few 
specialized  uses. 

Summary 

The  major  findings  of  this  investigation  of 
the  rates  of  motor-fuel  consumption  reported 
for  a  number  of  privately-owned  passenger 
cars   in  normal  daily   use  are,   as  follows. 

•  Cars  in  class  0,  those  having  six  cylinders 
including  compacts,  consumed  less  gasoline 
in  daily  operation  than  the  standard  American 
cars  used  in  the  study. 

•  For  any  specified  vehicle-transmission 
class,  a  change  of  ten  percent  in  mileage  driven 
at  speeds  of  35  miles  per  hours  or  less  caused 
a  corresponding  change  of  0.002  gallon  per  mile 
in  the  fuel-consumption  rate — either  increase 
or  decrease. 

•  Year  model  of  the  vehicle  did  not  affect 
the  average  fuel-consumption  rates  sufficiently 
to  serve  as  an  efficient  factor  for  use  in  fore- 
casting gas  consumption. 

Procedure 

As  shown  in  table  1,  the  nine  States  par- 
ticipating in  this  study  began  the  collection 
of  data  at  different  times  during  the  period 
October  1959  to  March  1960,  and  each  State 
collected  reports  for  four  seasons.  Most  of 
the  States  used  data  from  a  different  group  of 
employees  each  season;  but,  Connecticut  and 
Illinois  used  the  data  from  one  slate  of  em- 
ployees for  all  four  seasons;  and  New  Mexico 
used  data  from  two  groups,  one  for  the  first 
two  seasons  and  the  other  for  the  remaining 
two  seasons. 

Each  participating  employee  was  given  a 
form  on  which  to  record  information  concern- 
ing the  vehicle,  the  mileage  driven,  and  the 
amount  of  fuel  consumed.  Acceptable  forms 
had    to    contain    a    record    of    four    or    more 
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purchases  of  gasoline  and  the  first  and  last 
purchases  had  to  show  a  full  gas  tank.     An 
early  edition  of  the  model  form  distributed  for 
this  study  contained  neither  space  requiring 
the  reporting  of  the  number  of  engine  cylinders 
for  each  car  nor  the  date  of  each  gas  purchase. 
Consequently,  California  and  Arizona  did  not 
collect  information  on  the  number  of  cylinders, 
and  most  of  the  States  did  not  ask  participants 
to   record   the   date   of   each  fuel   purchase. 
Any    follow-up    study    should    require    the 
reporting  of  information  for  these  two  items. 
With  the  exception  of  Utah,  the  States  that 
selected  more  than  one  group  of  employees 
for  the  study  experienced  less  seasonal  varia- 
tion in  the  number  of  reports  received  than 
Connecticut    and    IDinois,    where    only    one 
group  of  employees  had  been  used.     The  fact 
that  employee  participation  was  completely 
voluntary,  coupled  with  the  possibility  that 
the  enthusiasm  of  the  employees  waned  with 
time,  may  have  been  a  factor  in  the  seasonal 
variation  in  the  number  of  responses.     Change 
in  employment  of  some  employees  is  thought 
to    have    been    another    factor    contributing 
to  the  differences  in  the  number  of  responses 
from  season  to  season.     It  may  be  hypothe- 
sized that  the  first  factor  was  a  very  influential 
cause  of  the  variation  in  seasonal  participation 
in   the   States  that   used  a  single  employee 
group.     But,     even     a    one-hundred-percent 
participation  in  all  States  would  not  guarantee 
that  the  reports  so  faithfully   mirrored  the 
vehicle  population  of  a  State  or  the  Nation  as 
to  permit  the  use  of  unweighted  data  in  the 
estimation  of  average  fuel-consumption  rates 
for  all  motor-vehicles.     Therefore,  this  article 
reports  unweighted  averages  and  users  may 
supply  appropriate  weights  to  suit  different 
situations.     However,     a     set     of     national 
averages  obtained  by  special  weighting  of  the 
reported  data  is  presented  in  table  10. 

Factors  Studied 

The  relationship  of  fuel-consumption  rates 
to  factors  of  vehicle  weight,  engine  size 
(horsepower),  and  transmission  type  of 
vehicle,  and  to  season  of  the  year  and  to 
stop-and-go  driving  have  been  analyzed  in 
earlier  studies.  The  analysis  presented  here 
was  based  upon  these  factors  or  related  factors, 
plus  vehicle  year  model.  Planners  and 
administrators  can  find  State  or  national  data 
for  such   factors  in   the   records  of  highway 
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Figure  1- — Average  fuel-consumption  rates  for  vehicles  for  each 
reporting  State  an, I  total  number  of  reports  by  vehicle  make 
class,   transmission   type,  and  number  of  cylinders:   I960. 
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Figure  2. — Average  fuel-consumption  rates  for  vehicles  for  each 
reporting  State  and  total  number  of  reports  by  vehicle  make 
class  and  transmission  type:  1960. 
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Figure  ■'{. — Average  fuel-consumption   rates  by  season  for  vehicles  in  each   make  class  by 

transmission  type:    1960. 


departments,  motor-vehicle  administrator 
automobile  manufacturers,  and  simik 
sources.  Because  other  analysts  concerne 
with  the  tax  yield  from  fuel  consumption  hav 
not  found  it  feasible  to  collect  data  for  drive 
habits,  quality  of  vehicle  maintenance,  an 
octane  rating  of  gasoline  used,  no  attemp 
was  made  to  include  such  factors  in  this  studj 
Because  it  was  impracticable  to  weigh  tt 
vehicles  for  which  reports  were  received,  n 
quantitative  relationship  between  weigt 
and  fuel-consumption  rates  could  be  estat| 
lished  in  this  investigation.  To  take  weigl 
into  account  in  the  analysis,  standard  Amer 
can  cars  were  grouped  by  make  into  fi\ 
classes  roughly  indicative  of  weight.  Soml 
cars  that  could  not  be  included  in  any  c 
the  other  five  classes  have  been  grouped  i 
one  category,  "other."  Two  consideration 
were  used  in  making  car  assignments  to 
particular  class:  the  number  of  vehicle 
registered  for  each  year  model  of  the  make 
and  the  estimated  empty  weight  of  the  fou: 
door  sedan  judged  to  be  the  most  popular  fq 
each  year  model.  The  assignments  of  th 
makes  of  cars  to  each  class  are  shown  in  tab] 
2.  It  is  recognized  that  wide  differences  i 
weight  may  exist  within  a  single  make.  How 
ever,  a  relatively  inexact  measure  based  upo 
obtainable  data  should  prove  acceptable  fc 
broad-scale  planning,  provided  it  does  ncj 
mask  significant  differences  in  fuel-con.su  mr 
tion  rates.  In  this  investigation,  the  roug 
measures  of  weight  by  vehicle  class  did  no 
seem  to  obscure  marked  differences  in  fue 
consumption  rates.  Few  vehicles  of  foreig 
make  were  included  in  the  study;  four  State 
did  not  report  the  make  of  foreign  vehicle 
and;  therefore,  those  included  were  no 
classified  by  make 

The  number  of  cylinders  for  each  car  wa 
used  as  a  rough  measure  of  its  engine  siz 
(horsepower).  The  strength  of  the  relation 
ship  was  not  studied,  but  it  is  believed  t 
have  been  sufficient  for  the  purposes  to  b 
served  by  the  analysis.  Moreover,  th 
number  of  cylinders  could  be  reporte 
objectively  by  all  participants,  whereas  engin 
size  could  not. 

Data  for  the  factor  of  stop-and-go  drivin 
were  based  on  the  memory  and  judgment  i 
the  participants.     At   the  time   of  each  fut 
purchase,    when    the    number    of    gallons    ( 
gas  purchased  and  the  odometer  reading  wer 
being   recorded,   each   participant   was   aske 
also    to    record    his    estimates    of    either    tfl 
percentage  of  mileage  or  the  number  of  mile 
that  had  been  driven  at  speeds  of  35  mill 
per  hour  or  less  since  the  previous  gas  pur 
chase.     A    weighted    total    of    this    mileag 
was  calculated  from  each  participant's  report 
Although  speeds  of  35  miles  per  hour  or  les 
are  not  always  associated  with  the  stop-and 
go    driving    experienced    on    urban    streets 
they    should    be    indicative    of   such   driving 
Provided    that    any    bias    caused    by    failun 
in  memory  or  poor  judgment  of  the  respon 
dents  was  small,  differences  in  fuel-consump 
tion    rates    should    be    correlated    with    th 
differences  in  the  proportions  of  stop-and-go 
urban  driving. 
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December  1962  e  PUBLIC  ROAD: 


The  States  sent  either  a  set  of  duplicate 
ards  or  a  lifting  of  coded  responses  to  the 
A'ashington,  D.C.,  office  of  the  Bureau  of 
1  Public  Roads.  Because  a  few  cards  and  coded 
1  listings  were  rejected,  the  totals  shown  in 
ables  and  figures  have  minor  differences  from 
he  information  transmitted.  The  following 
malysis  was  based  upon  the  resultant  deck. 


ANALYSIS 


Tabic  1. — Participating  States  in  each  Region,  starting  period,  and  number  of  records 

tabulated 


Make  Class,  Transmission  Type, 
and  Cylinders 


• 

average  fuel-consumption  rates  for  Amer- 
ican cars  listed  by  States  submitting  reports 
.s  to:  make  class,  transmission  type,  and 
umber  of  cylinders  are  shown  in  tables  3, 
,  and  5  and  in  figures  1  and  2.  California 
nd  Arizona  are  not  represented  in  figure   1 

(1  because  responses  from  these  States  did  not 

'  list  the  number  of  cylinders  for  the  cars.     The 

"  liuniber  of  observations  is  the  total  of  all  ac- 
ceptable seasonal  reports.     For  some  States, 

'1  'hese  observations  represent  the  same  vehicles 
tor  all  four  seasons;  for  other  States,  the  ob- 
ervations  represent  different  sets  of  vehicles 
nd  probably  a  different  set  of  drivers  each 

f  eason.  The  vertical  lines  in  figures  1  and  2 
jlepict   the   range  of  fuel-consumption    rates 

6  iveraged  for  each  State.     Each  short,  hori- 

H  'ontal  line  perpendicular  to  a  vertical  line 
epresents  the  average  fuel-consumption  rate 

»  br  the  vehicle  class  for  a. State.  Two  States 
laving  the  same  average  are  represented  by 
hort  horizontals  on  either  side  of  the  vertical. 
grab  additional  State  having  the  same  aver- 
ge  as  two  other  States  is  represented  by  a 
hort  appendage  to  the  horizontal.  The  "x" 
n  each  vertical  represents  the  average  fuel- 
onsumption  rate  found  in  the  study  for  all 
chicles  of  a  given  classification.  The  study 
sgprages  are  not  necessarily  national  averages. 
Because  Illinois  collected  almost  half  of  the 
Ibservations,    its   reports    weight    the    study 

tl  Iverages  more  than  those  of  any  other  State. 
'arenthetically,  it  may  be  noted  that,  with 
ne  exception,  the  average  fuel-consumption 
ates  found  in  the  Illinois  Study  are  not  a1 
lither  extreme  of  any  of  the  distributions  of 
State  averages.     The  one  exception  is  in  the 

'»  ;lass  of  other  American  cars  having  eight  cyl- 
lders  and  automatic  transmissions.  The  II- 
inois  average  for  this  class  is-  based  on  two 
bservations. 

lake  class  of  cars 

Several  deductions  may  be  drawn  from  the 
[ata  shown  in  tables  3  and  4,  and  figure  1. 
a<  'robably  the  most  significant  one  concerns 
or  rehicles  in  class  0,  which  contained  American 
lompact  cars.  The  average  fuel-consumption 
iates  for  the  cars  in  class  0  were  smaller  than 
|he  average  rates  for  the  other  classes  of 
American  cars  except  for  the  eight-cylinder 
ars  in  class  0  that  had  automatic  transmis- 
sions. The  contrast  was  more  definitely 
stablished  for  the  six-cylinder  cars  than  for 
ihe  eight-cylinder  cars  in  class  0.  The  low 
i.verage  rate  of  fuel-consumption  for  the 
■ight-cylinder  cars  in  class  0  is  probably  an 
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Public  Roads  Region,  ami  State 

Starting  period 

Number  of  records  tabulated  ' 

Spring 

Summer 

Autumn 

\\  inter 

Total 

Region  1: 
Connecticut .  --.  

January  1960 

.January  196(1 

January  1960 

October  1959 

January  1960 

January  1960 

March  1960 

Januai  \  I960 

February  i960 

85 

190 

2,079 

L96 

184 
523 

251 

447 
341 

4,  296 

93 

178 

1,909 

182 

ISI 

502 

219 

109 
304 

3,980 

76 

182 

1,688 

205 

208 
481 

208 

450 

265 

3, 763 

149 

207 

2,  265 

■J(i| 

204 

470 

■jus 

412 
277 

4,396 

403 

757 

7,941 

787 

780 
1,970 

880 

1,718 
1,187 

16, 435 

Region  3:  ' 

Ki  gion  4: 
Illinois .  

Region  5: 

Kansas 

Region  7: 
Arizona ...... 

Region  8: 
Oregon ...          ....... 

Region  9:  ' 

Utah    . 

Total _ 

1  Includes  reports  submitted  by  employees  of  the  Regional  office  of  the  Bureau  of  Public  Roads,  which  were  not  tabulated 
by  the  States. 

Table  2. — American-make  cars  grouped  in  classes,  roughly  indicative  of  weight 


Class  0 

Class    1 

Class    2 

Class    3 

Class    4 

Other 

Corvair 

Chevrolet 

1  lod'-v 

Buick 

Cadillac 

Corvette 

Crosley 

Ford 

Hudson 

Chrysler 

Continental 

Haw  k 

Falcon 

PI  v  mouth 

Kaiser-  Frazer 

1  leSoto 

Imperial 

Jeep 

Henry  J 

Studebaker 

Nash 

Edsel 

Lincoln 

Thunderbird 

Lark 

Pontiac 

Mercury 

Rambler 

Oldsmobile 

Valiant 

Packard 

Willys 

LaSalle 

0      10     20     30    40     50    60     70     60    90    100   0      10     20     30    40     50    60     ?0     80    90    100 
PERCENTAGE  OF  MILEAGE  DRIVEN  AT  35MPH  OR  LESS 

Figure  4. — Average  fuel-consumption  rates  of  American  cars  by- 
percentage  of  utiles  driven  at  35  tn.p.h.  or  less  for  vehicles  in 
each  make  and  transmission  class:   l')btl. 


M 

1NU 

\L 

RA 

JSM 

S  SIC 

N 

CL 

ASS 

SN 

CLASS  2^/ 

..  y 

" 

s,     , 

\P 

J 

1 

1 

> 

/ 

/ 
/ 
/   / 

./class"-!- 

i^. 

.    \ 

/ 

.IAS 

SO 

•J 

► 

<r 

<7>        J>         0>         (T>         C>         &>  (f* 


Figure   .5. — Average  fuel-consumption   rates    by   year    model  for 
vehicles  in  each  make  and  transmission  class:   1960. 
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Table  3. — Data  on  milts  of  travel  and  fuel-consumption  rates,  gallons  per  mile,  for  Ameri- 
can ears  with  automatic  transmissions,  taken  from  1960  reports  that  listed  number 
of  cylinders  ' 


Location  and  vehicle 
make  class 


Connecticut:' 

Class  0 

Class  I 

Class  2 

Class  3. 

Class  4 

Other 

All 


North  Carolina: 

ClassO 

Class  1 

Class  2.. - 

Class  3- - 

Class  4 

Other 

All--- 


Automatic  transmission 


6  cylinders 


Reports 


Illinois:3 
Class  0. 
Class  1- 
Class  1- 
Class  3. 
Class  4. 
Other- 
All—. 


Kansas: 3 
( ilass  0 
Class  1- 
Class  2. 
Class  3. 
Class  4. 
Other— 
All- 


Oregon:2 
Class  0. 
Class  1- 
Class  2. 
Class  3. 
Class  4- 
Other— 
All--- 


New  Mexico:2 

ClassO 

Class  1 - 

Class  2 

Class  3 

Class  4 

Other 

All 


Utah:  3 
Class  0. 
Class  1- 
Class2 
Class  3. 
Class  4. 
Other--. 
All--. 


All  agencies: 

Class  0 

Class  1 

Class  2... . 

Class  3 

Class  4 

Other 

All 


Number 

2 
29 

3 
11 

(1 

0 
45 


2 
0 

0 
67 


613 
66 
58 
0 
0 
825 


Travel 


Fuel 


18 
45 
19 
6 
6 
0 


12 
56 
7 
6 
0 
0 
81 


38 
9 

14 
0 
0 

69 


140 

886 

116 

99 

6 

0 

1,247 


Veh.-mi. 

2,  937 
34, 076 

3,  572 
11,789 

0 

0 

52,  374 


12,609 
53, 189 
6,  631 
2, 128 
0 
0 
74,  557 


123, 852 

697.  568 

62.  839 

50,  062 

0 

0 

934,  321 


5,  829 

58,  998 

4,388 

1,853 

0 

0 

71.068 


25,  894 
50,  762 
21, 126 
6,041 
6,  820 
0 
110,643 


15,248 

61.274 

7,  221 

3,  945 

0 

0 

87,  688 


10,  782 
40,  613 
10, 715 
15,087 
0 
0 
77, 197 


197,151 

996, 480 

116,492 

90,  905 

6,820 

0 

1,407,818 


Gal.l 
miles 
0. 055 
.  067 
.068 
.074 


.  068 


.  055 
.067 
.074 
.062 


.065 


.056 
.  067 
.074 
.077 


.067 


.061 
.069 
.079 
.064 


.  069 


.057 
.066 
.073 
.074 
.071 


.057 
.070 
.079 


.070 


.052 
.071 
.074 
.071 


.069 


.056 
.068 
.074 
.075 
071 

"067 


8  cylinders 


Reports 


Number 

0 

m  ; 

22 

65 

4 

0 

177 


0 

196 

59 

115 

8 

0 

378 


15 

1,672 

597 

1,530 

59 

2 

3,875 


3 

221 
62 

144 

10 

1 

441 


3 

178 

91 

118 

18 

0 

408 


331 
116 
223 
30 
2 
711 


6 
267 
111 
252 
17 
1 
654 


36 

2,951 
1,058 
2,447 
146 
6 
6,644 


Travel 


Veh.-mi. 

o 

109,  989 

29, 060 

76,  970 

3,882 

0 

219,  901 


0 

245, 164 

62. 855 

131,953 

10,  828 

0 

450, 800 


18,  511 

1,817,931 

658.  998 

1,665.695 

70. 628 

1.331 

4, 233, 094 


2,474 

234, 155 

64,156 

153,834 

12,  914 

1,026 

468,  559 


4,235 
206,  248 
98,  016 
138,  998 
20,  494 
0 
467, 991 


11,095 
394, 332 
120,  583 
253, 389 

35,  741 

2, 372 

817,512 


10,  532 
334,  856 
124,  805 
309,  402 

18,  915 

1,452 

799,  962 


HI.  SIT 
3,  342,  675 
1, 158,  473 
2,  730,  241 
173,  402 
6,181 
7, 457, 819 


Fuel 


Gal.l 
miles 

o'on 

.071 
.080 


.074 


.070 
.  073 
.076 
.076 

!"072 


.073 
.077 
.079 
.079 
.108 
.076 


.094 
.076 
.081 
.082 
.074 
.083 
.079 


.072 
.072 
.077 
.078 
.077 

'.075 


.067 
.073 

OKI 

.078 
.081 
.079 
.076 


.073 
.079 
.077 
.081 
.052 
.075 


.070 
.073 
.077 
.079 
.079 
.080 
.076 


Total 


Reports 


Number 
2 
115 
25 
76 
4 
0 
222 


7 

246 

67 

117 

8 

0 

445 


103 

2,285 

663 

1,  588 

59 

o 

4,700 


276 
66 

146 

10 

1 

507 


21 

223 
110 
124 
24 
0 
502 


21 

387 
123 
229 
30 
2 
792 


14 

305 
120 
266 
17 
1 
723 


176 
3.  837 
1,174 
2,546 

152 

6 

7,891 


Travel 


Veh.-mi. 

2,937 

144,065 

32,  632 

88,  759 

3,882 

0 

272, 275 


12.  609 
298, 353 

69,  486 
134, 081 

10,  828 

0 

525,  357 


142. 363 

2,  515,  499 

721,837 

1,  715.  757 

70.  628 

1.331 

5,167,415 


8.303 

293, 153 

68,  544 

155,687 

12,914 

1,026 

539,  627 


30, 129 
257,010 
119.142 
145.039 

27,314 

0 

578, 634 


26, 343 
455,  606 
127,  804 
257, 334 

35,  741 

2,372 

905.  200 


21,314 
37.'.,  It',!) 
135,  520 
324, 489 

18,915 

1,452 

877, 159 


243,  998 
4,339,155 
1,274,965 
2,821,146 

180,  222 

6,181 

8,  865, 667 


Fuel 


Gal.l 
miles 
0.055 
.070 
.070 
.079 
.089 

.~073 


.055 
.070 
.073 
.076 
.076 

7671 


.057 
.072 
.077 
.079 
.079 
.108 
.075 


.071 
.075 
.081 
.082 
.074 
.083 
.078 


.059 
.071 
.077 
.077 
.075 

."073 


.061 
.073 
.081 
.078 
.081 
.079 
.075 


.060 
.073 
.077 
.077 
.081 
.052 
.075 


.059 
.072 
.077 
.079 
.079 
.080 
.075 


i  Nineteen  observations  for  4-cylinder  Willys  are  excluded  from  the  tabulations. 

s  Includes  reports  from  employees  of  Division  Office  of  Bureau  of  Public  Roads  and  State  highway  employees. 
» Includes  reports  from  employees  of  both  the  Division  and  Regional  Offices  of  the  Bureau  of  Public  Roads  and  State 
highway  employees. 


unreliable  estimate  based  upon  too  small  a 
sample  of  the  vehicles  in  this  category. 
However,  the  differential  in  fuel-consumption 
rates  points  up  the  advantage  of  considering 
vehicle  distributions  by  various  characteristics 
that,  influence  fuel-consumption  before  making 
estimates  of  the  gallons  of  fuel  to  be  con- 
sumed in  highway  use. 

Transmission  type 

For  all  classes  of  cars,  this  study  confirmed 
that  the  type  of  transmission  and  engine  size 
as    measured    by    number    of    cylinders   have 
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an  effect  on  fuel-consumption  rates.  With 
the  exception  of  class  0  vehicles,  the  effect  of 
the  type  of  transmission  for  cars  in  every  day 
use  seems  to  have  been  more  marked  than 
the  effect  of  the  number  of  cylinders.  There- 
fore, computation  of  fuel-consumption  rates 
in  which  the  number  of  cylinders  is  not  con- 
sidered should  yield  estimates  acceptable  for 
many  purposes.  Furthermore,  by  ignoring 
the  effect  of  the  number  of  cylinders,  the 
data  received  from  California  and  Arizona 
could   be   included    in   the    computations   for 


' 


a  unified  analysis.    In  figure  2,  State  average 
are  shown  but  no  differentiation  by  transmit 
sion  type  has  been  made,  as  in  figure  1. 
Differences  in  rates  among  States 

Differences  in  average  fuel-consumptio 
rates  among  States  for  any  given  class  c 
car  were  related  to  the  number  of  observation 
and  decreased  with  a  large  number  of  obser 
vations.  This  was  demonstrated  most  mark 
edly  by  the  data  received  for  class  1  vehicles 
The  decrease  in  the  differences  of  average  fuel 
consumption  rates  among  the  States  studiei 
indicated  that  the  average  rate  of  fuel-con 
sumption  in  a  vehicle  weight  class  for  an] 
State  approaches  that  of  the  other  State 
without  regard  to  their  geographical  location 
It  is  possible  that  this  similarity  of  fuel 
consumption  rates  would  not  be  maintainet 
in  mountainous  areas  or  at  high  altitudes  a 
fuel-consumption  rates  have  been  directl; 
related  to  changes  in  altitude.  Although  thi 
study  was  not  designed  to  provide  informatioi 
on  the  relative  importance  of  this  factor 
reports  of  several  other  studies  have  show) 
that  altitude  does  affect  the  rate  of  fuel 
consumption  {2). 

Miles  Per  Gallon 

Because  the  data  in  this  article  are  expectec 
to  be  used  for  purposes  requiring  fuel-con 
sumption  rates  to  be  weighted  by  miles  o; 
travel,  the  data  have  been  expressed  as  gallon 
per  mile.  However,  many  readers  of  thi: 
article  and  perhaps  many  of  the  prospectiv* 
users  of  the  data  are  more  familiar  witl 
rates  expressed  as  miles  per  gallon.  Table  6 
therefore,  contains  fuel-consumption  rates 
expressed  as  miles  per  gallon  that  correspond 
to  the  gallon-per-mile  rates  calculated  from 
the  reports  received  from  all  participants  foi 
each  of  the  six  classes  of  American  cars,  as 
shown  in  table  5. 

Seasonal  Variation 

Data  shown  in  table  7  and  figure  3  confirmee 
that  fuel-consumption  rates  vary  in  relatior 
to  the  season  of  the  year.  Rates  at  eithei 
extreme  were  reported  for  summer  and  winter, 
The  smallest  rates  were  reported  for  summei 
and  the  largest  rates  were  reported  for  th 
winter  season.  Spring  and  fall  reports  indi 
cated  intermediate  rates  of  fuel-consumption 
which  generally  were  near  the  annual  average 
The  rates  given  in  table  7  may  be  used  with 
forecasts  of  seasonal  travel  to  produce  some 
what  more  refined  forecasts  of  total  fuel  to 
be  consumed  than  can  be  produced  without 
a  consideration  of  the  seasonal  differences  in 
consumption. 

Stop-and-Go  Driving 

For  each  transmission  type  within  eachl^ 
make  class,  the  rate  of  fuel  consumption 
tended  to  vary  directly  as  the  proportion  of 
stop-and-go  driving  changed,  as  measured  by 
the  percentage  of  driving  speeds  reported  as 
not  exceeding  35  m.p.h.  Data  in  table  8  and 
figure  4  illustrate  this  relationship.  The 
jagged   progression    of   data   for   class   0   and 
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ible  4. — Data  on  miles  of  travel  and  fuel-consumption  rates,  gallons  per  mile,  for  Ameri- 
can cars  with  manual  transmissions,  taken  from  1960  reports  that  listed  number  of 
cylinders  ' 


Location  and  vehicle 
make  class 


Connecticut:  ; 

Class  0 

Class  1 

Class  2 

Class  3 

Class  4 

Other 

All 


North  Carolina:  3 

Class  0 

Class  1 

Class  2 --- 

Class  3 

Class  4 

Other 

All 


Illinois:  3 
Class  0_ 
Class  1. 
Class  2. 
Class  3. 
Class  4. 
Other... 
All... 


Kinisiis 
Class  0. 
Class  1. 
Class  2. 
Class  3. 
Class  4. 
Other.. 
All—. 


Oregon: 2 
Class  0_ 
Class  1. 
Class  2. 
Class  3. 
Class  4. 
Other... 
All- 


Manual  transmission 


6  cylinders 


Reports 


Travel 


New  Mexico: 

Class  0 

Class  1 

Class  2 

Class  3 

Class  4 

Other. 

All 


Utah:  s 
Class  0. 
Class  1. 
Class  2. 
Class  3. 
Class  4. 
Other... 
All... 


All  agencies: 

Class  0 

Class  1 

Class  2 

Class  3— — 
Class  4____ 

Other 

All 


Number 
6 
88 
12 
I) 
0 
0 
106 


13 
181 
13 

2 

(I 

(I 

209 


159 

L.SHI 
124 

0 

1 

2,110 


14 
148 
8 
1 
0 
0 
171 


35 

186 
10 
2 
1 
0 

234 


48 

442 

24 

7 

0 

(I 

521 


35 
189 
22 

(I 

0 

0 

246 


310 

3,053 

213 

19 

1 

1 

3,597 


Veh.-mi. 

11,211 

112,325 

19, 976 

0 

0 

0 

143,  512 


19,479 

215,  585 

8,032 

1.530 

0 

0 

244,  626 


232, 473 

2, 030, 607 

126,  410 

4,838 

0 

1,767 

2,  396, 095 


16,  007 

157, 402 

8,894 

1,010 

0 

I) 

183,313 


58,  625 

226, 029 

10,  209 

2,483 

1,  132 

0 

29S,  ITS 


64,  579 

477,937 

20, 600 

5,418 

0 

0 

568.  534 


52. 172 

229, 214 

28, 434 

0 

0 

0 

309, S20 


454, 546 
3,449,099 

■111.  555 

15, 279 

1.132 

1,767 

4,144,378 


Fuel 


Gal./ 

miles 

0.048 

.063 

.052 


.1)611 


.043 
.064 
.076 


.063 


.049 
.064 


.077 


.050 
.063 


.  053 
.066 
.064 
.078 


in..". 


1119 
.063 
.078 
.070 
.066 


.061 


.052 
.066 
.075 

(ITS 


.  065 


.051 
.065 
.064 


.  002 


.050 
.064 
.068 
.076 
.066 
.050 
.063 


8  cylinders 


Total 


Reports 


Number 
0 

25 
4 

10 
0 
0 

39 


0 

116 

6 

28 

0 

0 

150 


4 
774 
60 
128 
0 
1 
967 


0 
81 

6 
17 

0 

0 
104 


5 

278 

19 

41 

1 

2 

346 


4 
134 
11 
24 
0 
0 
173 


14 

1,485 

112 

255 

2 

3 

1,871 


Travel 


Veh.-mi. 

0 

31,221 

4,329 

13, 136 

0 

0 

48,  686 


0 

131,667 

6,790 

31,644 

0 

0 

170, 101 


5,151 

Mil. null 

68, 005 

135,  654 

0 

1,273 

1, 074,  083 


1,481 

SO.  HIS 

5,149 

9,111 

1,474 

0 

LI  13    s03 


0 

100, 601 

5,812 

18, 304 

0 

0 

124, 717 


6,625 

323, 252 

22, 960 

48,411 

433 

2,099 

403, 780 


160, 690 

13, 382 

27,  092 

0 

0 

211,044 


23, 137 

1,698,079 

126,  427 

283. 352 

1,907 

3,372 

2, 136,  274 


Fuel 


Gal.l 
miles 

~6."667 
.077 


,i:r,s 


.077 
.072 


.063 
.068 
.076 
.076 


.064 

1109 


.059 
.068 
.082 
.071 

.90S 


990 

.077 
.074 


Reports 


.057 
.068 
.076 
.072 
.147 
.059 
.069 


.  055 


.071 
.075 


90S 


Number 
6 
113 
16 
10 
0 
0 
145 


13 

297 

19 

30 

0 

0 

359 


163 

2,  593 

184 

135 

0 

2 

3,077 


15 

225 

14 

8 

1 

0 

263 


35 

267 

16 

19 

1 

0 

338 


53 

720 
43 
48 
1 
2 
867 


39 

323 

33 

24 

0 

0 

419 


324 

4,538 

325 

274 

3 

4 

5,468 


Travel 


Fuel 


Veh.-mi. 

11,211 

143. 546 

24,305 

13, 136 

0 

0 

192, 198 


19, 479 

347, 252 

14,822 

33, 174 

0 

0 

414,727 


237, 624 

'J.S91.09T 

194,415 

140, 492 

0 

3,040 

3,470,178 


17, 488 

244,  050 

14, 043 

10,121 

1,474 

0 

287, 176 


58.  625 

326. 630 

16,021 

20,787 

1,132 

0 

423, 195 


71,204 

801, 189 

43,  560 

53.  S_".l 

433 

2,099 

972,314 


62. 052 

389,  904 

41,816 

27, 092 

0 

0 

520, 864 


477,  683 

5, 147,  178 

348,  982 

298,  631 

3,039 

5,139 

6, 280, 652 


Gall 
miles 
0.048 
.064 
.057 
.068 


.062 


.043 

(Hi;, 

.070 
.072 


.065 


.050 
.065 
.  072 
.076 

"056 
.065 


.053 
.067 
.  070 
.071 


.  066 


.049 
.064 
.077 
.073 


.003 


.053 
.067 
.075 
.073 
.147 
.059 
.067 


.051 
.066 
.066 
.075 


.065 


.  050 
.065 
.071 
.074 
.  079 
.057 
.065 


1  Nineteen  observations  for  4-cylinder  Willys  are  excluded  from  the  tabulation. 

2  Includes  reports  from  employees  of  Division  Office  of  Bureau  of  Public  Roads  and  State  highway  employees. 

3  Includes  reports  from  employees  of  both  the  Division  and  Regional  Offices  of  the  Bureau  of  Public  Roads  and  State 
»hway  employees. 


pss  4  cars  having  automatic  transmissions 
e  probably  the  result  of  an  insufficient 
imber  of  sample  cases. 

ypothesis 

A  hypothesis  may  be  put  forth  that,  if 
jansmission  type  and  vehicle  class  are  held 
nstant,  a  linear  relationship  exists  between 
el-consumption  rates  and  the  percentage  of 
•iving  at  speeds  not  exceeding  35  miles  per 
»ur,  and  that  these  lines  are  parallel  within 
transmission    type.      However,    instead    of 
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fitting  a  straight  line  for  each  vehicle  class, 
the  data  for  classes  1,  2,  and  3  were  averaged. 
Under  the  hypothesis,  these  averages  for  the 
combined  classes  represent  points  on  a  line 
that  is  parallel  to  the  lines  for  the  separate 
classes.  A  straight  line  was  fitted  by  the 
method  of  least  squares  to  the  combined  class 
averages.  The  slope  for  automatic  trans- 
missions was  0.00020;  the  slope  for  manual 
transmissions  was  0.00017.  Both  slopes 
differed  from  zero  by  a  significant  amount, 
as  determined  by  the   "t"   test.     The  slope 


indicated  that  for  every  increase  of  10  percent 
in  mileage  of  stop-and-go  driving,  the  rate  of 
fuel  consumption  increased  approximately 
0.002  of  a  gallon  per  mile  when  transmission 
and  vehicle  class  were  held  constant.  The 
lowest  rate  of  fuel  consumption  per  mile  of 
travel  should  be  realized  when  stop-and-go 
driving  is  reduced  to  zero.  However,  the 
absence  of  stop-and-go  driving  is  often 
accompanied  by  an  increase  in  speed  that 
tends  to  negate  the  benefit  of  uninterrupted 
driving,  and  some  indications  (3)  have  been 
noted  that  fuel-consumption  rates  increase 
when  vehicle  speeds  pass  a  critical  point. 
This  factor  may  be  very  important  in  an 
analysis  of  fuel-consumption  requirements  for 
travel  on  some  sections  of  highway. 

Year  Model 

The  age  of  vehicles  as  indicated  by  the  year 
of  the  model  also  was  considered  as  a  factor 
that  affects  fuel-consumption  rates.  Annual 
data  are  available  on  the  registered  number  of 
passenger  cars  classified  by  year  model  and  on 
the  number  of  vehicles  manufactured  and  sold. 
Such  data  can  be  obtained  from  manu- 
facturers, trade  associations,  and  official 
registration  records.  It  had  been  hoped  that 
the  age  of  the  vehicles  could  provide  another 
factor  for  use  in  estimating  fuel-consumption, 
but  a  sufficiently  pronounced  relationship  was 
not  established  in  this  study.  Table  9  and 
figure  5  contain  information  that  shows  the 
year  model  of  vehicles  to  have  little  noticeable 
effect  on  fuel-consumption  rates  when  large 
numbers  of  vehicles  in  normal  operation  are 
considered. 

Foreign  Cars 

Reports  received  for  foreign  cars  totaled  522. 
Of  these,  162  reports  did  not  include  the 
number  of  cylinders;  341  reports  represented 
4-cylinder  cars;  17  reports  represented  6- 
cylinder  cars;  2  reports  represented  8-cylinder 
cars.  The  fuel  consumption  rate  of  foreign 
cars  classified  as  "cylinder  unknown"  was 
calculated  at  0.037  gallon  per  mile;  the  same 
rate  determined  for  foreign  cars  having  4 
cylinders.  Therefore,  most  of  the  cars  in  the 
cylinders  unknown  class  reasonably  may  be 
assumed  to  have  been  4-cylinder  vehicles. 
The  average  fuel-consumption  rate  for  the 
6-cylinder  foreign  cars  was  0.058  gallon  per 
mile;  and  for  the  8-cylinder  cars,  it  was  0.079 
gallon  per  mile.  Because  only  two  reports 
represented  foreign  cars  having  automatic 
transmissions,  that  factor  was  not  related  to 
fuel-consumption  rates  for  this  group  of 
vehicles. 

Application  of  Study  Data 

One  possible  application  of  the  fuel-con- 
sumption rates  determined  from  this  study  is 
illustrated  in  table  10.  All  the  entries  for 
vehicles  and  mileage  in  this  table  are  estimates 
that  had  been  prepared  by  the  Highway  Cost 
Allocation  Study  staff  of  the  Bureau  of  Public 
Roads. 
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Table  5.- 


-Data  on  miles  of  travel  and  fuel-consumption  rates,  gallons  per  mile,  for  Ameri- 
can cars  taken  from  1960  reports  that  did  not  list  number  of  cylinders 


Location  and  vehicle  make  class 

Automatic  transmissions 

Manual  transmissions 

Reports 

Travel 

Fuel 

Reports 

Travel 

Fuel 

Arizona:  > 
Class  0        

Number 

9 

200 

57 

141 

10 

1 

418 

11 

570 

173 

326 

36 

5 

1, 121 

196 
4,607 
1,404 
3,013 

198 

12 

9,430 

Veh.-mi. 

9, 550 

216.  I'M, 

66, 681 

157,  937 

12.117 

2,  228 

465, 169 

11.. 578 

683, 978 

220, 816 

403,316 

46,188 

5,139 

1,374,015 

21 18, 126 

5,239.  7 vi 

1,562,462 

3,3!*.'  399 

238.  527 

13,  548 

10, 704, 851 

Gal./ 
mi. 
0.054 
.070 
.072 
.076 
.090 
.  064 
.  073 

.047 
.071 
.073 
.077 
.081 
073 
.073 

.058 
.072 
.076 
.079 
.080 
.075 
.074 

Number 
25 
242 
22 
18 
0 
0 
307 

28 

558 

77 

36 

0 

3 

702 

377 

5.338 

424 

328 

3 

7 

6,477 

Veh.-mi. 

34, 659 

274, 135 

21,355 

20, 623 

0 

0 

350, 772 

34, 319 

677, 128 
104,046 
41,660 
0 
4,510 
861, 663 

546,  661 

6,098.441 

474, 383 

360,(U4 

3.039 

9,649 

7, 493, 087 

Gal./ 
mi. 
0.047 
.065 
.071 
.070 

.061 

.048 

.065 
.059 
.075 

.074 
.064 

.050 
.065 
.nils 
.1174 
.079 
.065 
.065 

Class  1 

Class  2    .        - 

Class3    

Class  4 

Other - 

All  --              — 

California:  ' 
Class  0                  .  .  .- — 

Class  1 

Class  3                                    

Class  4...       .   

Other 

All 

All  agencies: 2 
Class  0                  

Class  1    . 

Class  2  ..                  

Class  3 

Class  4...                     

Other 

All 

1  Includes  reports  from  employees  of  the  Division  Office  of  the  Bureau  of  Public  Roads  and  State  high- 
way  employees. 

2  The  totals  shown  here  for  all  agencies  include  the  totals  from  tables  3  and  4. 


Table  6. — Fuel-consumption  rates  in  gallons 
per  mile  computed  as  miles  per  gallon  , 
from  1960  reports  for  American  cars 


Vehicle  make 
class 

Automatic 
transmission 

Manual 
transmission 

0 

Gallons  ' 

per  mile 

0.058 

.  (172 

.076 

MTV 
.080 
.075 

.1174 

Miles  per 

gallon 
17.3 
14.(1 
13.1 
12.  7 
12.5 
13.4 
13.5 

Gallons  ' 
per  mile 
0.050 
.  065 
.068 
.074 
.079 
065 
.  065 

Miles  per 

fiullnn 

20.1 
15.  3 

14.7 
13.5 
12.  7 
15.4 
15.5 

1 

2 

3 

4___ _ 

Other 

All 

1  Data  are  the  same  shown  in  table  5  for  all  agencies. 


Table  7. — Fuel-consumption  rates  for  American  cars,  classified  by  make  and  transmission 
class,  related  to  number  '  of  reports  received  and  the  season  of  the  year:   1960 


Season 

Fuel-consumption  rates 

Number  of  reports 

Class 

Class 

Class 

Class 

Class 

Other 

Class 

Class 

Class 

Class 

I  Ti-- 

Other 

0 

1 

2 

3 

4 

0 

1 

2 

3 

4 

Automatic  Transmission 

Gal.lmi. 

G 

Gal.lmi. 

Gal.  nn 

Qal.  mi 

Gal.lmi. 

Spring.. 

0.060 

ii  073 

0.077 

0.080 

0.078 

0.076 

42 

1,183 

383 

789 

58 

3 

Summer 

.  056 

.068 

.072 

.074 

.077 

.072 

59 

1,  135 

339 

733 

55 

5 

i          

.054 

.070 

.075 

.076 

.079 

53 

1,076 

325 

1,71 

38 

0 

V\  inter..  _   __ 

.063 

.076 

.083 

.084 

.087 

.077 

42 

1.213 

357 

820 

47 

4 

All 

.058 

.072 

.076 

.079 

.080 

.075 

196 

4.  01  (7 

1,404 

3,013 

198 

12 

Max ual  Transmission 

Spring _ 

0.050 

0.065 

0.068 

0.073 

95 

1,  422 

114 

104 

0 

li 

Summer.. 

.048 

.062 

.065 

.069 

.068 

.067 

95 

1.222 

100 

72 

1 

3 

Fall 

.049 

.064 

.068 

.073 

.079 

108 

1,192 

109 

62 

0 

1 

Vv  inter 

.054 

.069 

.073 

.080 

.088 

.060 

79 

1,  502 

101 

90 

J 

3 

Ml......... 

.050 

.065 

.068 

.074 

.079 

.065 

377 

5,338 

424 

328 

3 

7 

i  Nineteen  observations  for  4-cylinder  Willys  are  excluded  from  the  tabulations. 
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Table  8. — Number1  of  reports  and  fuel-consumption  rates  for  American  cars  related   t<« 
percentage  of  mileage  driven  at  speeds  of  35  m.p.h.  or  less:   1960 


Mileage  driven 

at  speeds  of 
35  m.p.h.  or  less 


Fuel-consumption  rates 


Class  0   Class  1    Class  2    Class  3     Class  4     Other 


Number  of  reports 


Class  0    Class  1    Class  2    Class  3     Class  4    Other 


Automatic  Transmission 


/  V  rcent 

0.0-9.9 _ 

10.0-19.9 

20.0-29.9 

30.0-39.9 

40.0-49.9 

50.0-59.9 

60.0-69.9 

70.0-79.9 

80.0-89.9 

90.0-100.0... 

All 


Gal.lmi. 

Gal.lmi. 

Gal.lmi. 

Gal.lmi. 

Gal.lmi. 

Gal.lmi. 

0.047 

0.065 

0. 069 

0.069 

0.078 

0.  066 

9 

250 

76 

184 

17 

.055 

.066 

.071 

.072 

.071 

28 

679 

174 

401 

36 

.050 

.068 

.073 

.075 

.075 

.052 

21 

642 

194 

391 

36 

.061 

.071 

.073 

.076 

.080 

.078 

20 

551 

167 

361 

26 

.060 

.072 

.074 

.078 

.075 

.080 

25 

516 

135 

328 

15 

.061 

.073 

.  076 

.  080 

.088 

38 

553 

163 

332 

16 

.061 

.  076 

.080 

.083 

.085 

16 

336 

99 

270 

18 

.063 

.077 

.081 

.084 

.092 

.076 

10 

298 

122 

197 

10 

.064 

.078 

.087 

.088 

,093 

.114 

11 

283 

91 

193 

9 

.058 

.080 

.088 

.090 

.092 

.074 

18 

499 

183 

356 

15 

.058 

.072 

.076 

.079 

.080 

.075 

196 

viiii; 

1,  104 

3,013 

198 

Manual  Transmission 


0.0-9.9... 
10.0-19.9. 
20.0-29.9. 

:;iin  :v.i!i 
40.0-49.9.. 

50.0  59.9 

60.0-69.9. 
70.0-79.9. 

80.0-89.9.. 
90.0-100.0 

All 


0.046 

0.061 

0.064 

0.069 

38 

374 

18 

23 

.047 

.062 

.060 

.066 

.066 

70 

962 

60 

31 

1 

.049 

.063 

.064 

.070 

.067 

0.067 

56 

701 

63 

36 

1 

.048 

.064 

.065 

.074 

.048 

31 

647 

40 

39 

.049 

.065 

.070 

.074 

.... 

.050 

25 

484 

55 

31 

.... 

.051 

.066 

.068 

.071 

50 

599 

41 

42 

.053 

.069 

.070 

.075 

30 

353 

37 

28 

.054 

.069 

.076 

.080 

06s 

26 

336 

30 

16 

.054 

.070 

.077 

.us: 

.070 

19 

297 

20 

17 

.059 

.073 

.083 

.084 

.147 

.088 

32 

585 

60 

62 

1 

.050 

.065 

.068 

.074 

.079 

.065 

377 

5,338 

424 

328 

3 

i  Nineteen  observations  for  4-eylinder  Willys  are  excluded  from  the  tabulations 


Table  9. — Number  '   of  reports    and   average   fuel-consumption   rates  for  American  cars, 
classified  by  vehicle  make,  transmission  class,  and  year  model:   1960 


Year  model 

Fuel-consumption  rates 

Number  of  reports 

Class  0 

Class  1 

Class  2 

Class  3 

Class  4 

Other 

Class  0 

Class  1 

Class  2 

Class  3 

Class  4 

Other 

Automatic  Transmission 

1961 

Gal.lmi. 

0.063 
.053 
.062 
.064 
.065 
.055 

.060 
.050 
.065 

.058 

Gal.lmi. 

0.068 
.067 
.070 
.072 
.074 
.072 

.072 
.072 
.073 
.075 
.074 

.069 

.072 

Galjmi. 

0.091 
.073 
.077 
.077 
.078 
.075 

.075 
.076 
.077 
.077 
.084 

.081 

.076 

Gal.lmi. 

0.078 
.077 
.077 
.080 
.081 
.078 

.075 
.078 
.080 
.082 
.085 

.082 

.079 

Galjmi. 

0^078 
.090 
.078 
.081 
.082 

.076 
.081 
.075 
.078 
.075 

.084 

.080 

Gal.lmi. 

0^069 
.082 
.059 
.064 

.108 
.075 

4 

95 
43 
11 
22 

6 

9 

1 
5 

196 

4 

278 
723 
744 
956 
687 

579 

277 
210 
69 
63 

17 

4,607 

2 
104 
161 
115 
201 
162 

259 
101 

141 
50 
37 

71 

1,404 

3 
138 
309 
256 
419 
446 

569 
262 
218 
136 
96 

161 

3,013 

6 
12 
8 

25 
37 

20 
9 
29 
Hi 
12 

24 

198 

~~4~ 
3 

1 

2 

12 

1960 _. 

1959 

1958 

1957 

1956 

1955 

1954 

1953 

1952 

1951 

Older  than 
1951.. 

All 

Manual  Transmission 

1961 

0.048 
.046 
.051 
.056 
.054 

.055 
.062 
.056 
.053 
.058 

.078 

.050 

0.058 
.060 
.063 
.063 
.064 
.065 

.065 
.065 
.068 
.068 
.067 

.068 

.065 

0.049 
.059 
.054 
.662 
.067 
.069 

.073 
.069 
.076 
.072 
.079 

.072 

.068 

0.057 
.071 
.058 
.074 
.075 
.074 

.070 
.072 
.075 
.070 
.074 

.080 

.074 

roes 

."066 
.147 
.079 

0."068 
.061 

T668 

T666 

.065 

1 

196 
89 
32 
20 

8 
6 
9 

4 

7 

5 

377 

7 
234 
464 
396 
584 
594 

742 
509 
630 
306 
240 

632 

5, 338 

2 
30 
42 
10 
11 
22 

49 
48 

78 
27 
29 

76 

424 

3 
10 

6 

7 

9 

24 

36 

38 
65 

19 

'.'i, 

85 
328 

.... 

"  "i 

i 

3 

.... 

3 
.... 

1960  .. 

1959 

1958 

1957 

1956 

1955 

1954 

1953 

1952  .. 

1951 

Older  than 
1951... 

All 

i  Nineteen  observations  for  4-cylinder  Willys  are  excluded  from  the  tabulations. 
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Table   10. — Estimated   fuel-consumption   dala   and   fuel-tax   yield   for  passenger  cars   in 

United  Stales  for  calendar  1960 


1  Other  class  American  cars  have  been  included  in  class  5  figures. 


REFERENCES 

(1)  Final  Report  of  the  Highway  Cost 
Allocation  Study,  House  Doc.  No.  54,  87th 
Cong.,   1st  sess.,   1961,  p.  23. 

(2)  Where  Does  the  Horsepower  Go,  by 
Burr  J.  French,  Motor,  Jan.  1954,  pp.  40-41, 
152-153;  and,  Truck  Ability  Prediction  Pro- 
cedure, SAE  Manual,  TR-82,  Fourth  Ed., 
Aug.  1957. 

(3)  Economics  of  Operation  on  Limited- 
Access  Highways,  by  A.  D.  May,  Jr.,  in  HRB 
Bulletin  107,  Vehicle  Operations  as  Affected 
by  Traffic  Control  and  Highway  Type,  1955, 
pp.  49-62. 


Make  class ' 

Number  of 
vehicles 

Vehicle-miles 

(at  9,600  miles 

per  vehicle) 

Gallons 
per  mile 

Gallons 
of  gasoline 

Fuel-tax  yield  at 

four  cents  a  gallon 

(dollars) 

Automatic  Transmission 

ClassO -. 

1,417,710 
19,199,630 

7,323,744 
11,634,682 

1,474,140 

13,610,016,000 
184,310,448,000 

70,307,942.  1011 
111,692,947,200 

14,151,744,000 

0. 058 
.072 
.076 
.079 
.080 

.075 

789, 380,  900 
13, 270,  784,  300 
5, 343, 403, 600 
8, 823, 742, 800 
1,132,139,500 

31,575,236 
530,831,372 
213, 736, 144 
352,949,712 

45, 285,  580 

Class  2 

Clas?3 

Class  4 

Total  — 

41,049,906 

394,079,097,000 

29, 359, 451, 100 

1,174,378,044 

Manual  Transmission 

ClassO 

2, 126,  565 
12,799.754 
1,  830,  936 
1, 292,  742 
163,  793 
2, 166,  898 

20, 380, 688 

20,415,024,000 
122, 877,  638,  400 
17,576,085,600 
12, 410, 323, 200 
1,572.412.800 
20, 802, 220, 800 

195, 654, 604, 800 

0.050 
.065 
.068 
.074 
.079 
.037 

.061 

1,020,751,200 

7, 987, 046, 500 

1,195,235,000 

918, 363, 900 

124,220,600 

769, 682, 200 

12,015,299,400 

40,  830, 048 
319,481,860 
47,  809,  400 
36,  734,  556 
4, 968,  824 
30, 787, 288 

480,611,976 

Classes  1  and  5 

Class  2 

Class3 

Class  4 

Total 

Automatic  and  Manual  Transmissions 

Class  0 

3,  544, 275 
31,999,384 

9,154,680 
12,  927,  424 

1, 637,  933 

2, 166, 898 

61, 430, 594 

34, 025, 040, 000 
307,194,086,400 

87, 884, 928, 000 
124, 103,  270,  400 

15,  724, 156,  800 

20, 802, 220, 800 

589,  733,  702, 400 

0. 053 
.069 
.074 
078 
.080 
.037 

.070 

1,810,132,100 
21, 257,  830,  800 
6, 538, 638, 600 
9,  742, 106,  700 
1, 256, 360, 100 
769,  682, 200 

41,374,750,500 

72, 405, 284 
850,313,232 
261,  545,  544 
389, 684, 268 
50, 254,  404 
30,  787, 288 

1,654,990,020 

Classes  1  and  5 

Class  2 

Class  3 

Class  4 

Foreign 

Total 
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structural  Behavior  of  Flexible  Pavement 

Inalysis  of  Rigid-Plate  Bearing 

Tests  on  Full-Size  Test  Sections 


Y  THE  PHYSICAL  RESEARCH  DIVISION 
UREA  U  OF  PUBLIC  ROADS 


By  >  ALVIN   C. 


BENKELMAN      and   STUART   WILLIAMS, 
Chief,  Flexible  Pavement  Section 


This  article  presents  the  first  comprehensive  analysis  of  the  data  collected 
during  an  investigation  of  the  structural  behavior  of  flexible  pavement  conducted 
daring  the  1945-1950  period  at  Hybla  Valley,  near  Alexandria,  lirginia.  Other 
articles  have  been  published  on  the  objectives  of  the  investigation  and  the  pro- 
cedures, techniques,  and  equipment  employed.  Also,  the  refined  data  luive 
been  published  and  portions  of  these  data  have  been  analyzed  by  others. 

The  investigation  at  Hybla  \  alley,  initiated  by  the  Bureau  of  Public  Roads, 
is  believed  to  have  been  the  most  comprehensive  experiment  of  this  type  ever 
conducted.  Although  the  original  objectives  of  the  study  ivere  not  attained  in 
their  entirety,  the  project  has  stimulated  further  research  related  to  flexible 
pavement  behavior  and  design.  The  new  testing  procedures  and  instrumenta- 
tion developed  ivere  subsequently  used  by  State  highway  departments  and  staffs 
of  the  WASHO  and  AASHO  Road  Test  projects. 

The  comprehensive  analysis  presented  in  this  article  is  expected  to  stimulate 
further  interest  j'n  the  application  of  the  Hybla  Valley  test  data  to  the  design  of 
flexible  pavements. 


Introduction 

>N    ANALYSIS    of    data    obtained    in    a. 

L  five-year  investigation  of  the  structural 
fciavior  of  flexible  pavements  is  presented 
i  this  article.  During  the  1945-1950  period, 
rid -plate  bearing  tests  were  conducted  on 
rl-size  test  sections  at  Hybla  Valley  near 
/■xaiidria,  Va.,  by  the  Bureau  of  Public 
1  ads  with  the  cooperation  of  the  Asphalt 
Ititute  and  the  Highway  Research  Board. 
I  velopment  of  data  on  fundamental  re- 
gions between  load  and  the  thickness  of 
fkible  pavement  structures  was  one  of  the 
pmary  objectives  of  this  investigation. 


_  .Presented  at  the  International  Conference  on  Structural 
igrj  of  Asphalt  Pavement,  University  of  Michigan,  Ann 
or,  Mich.,  August  1962. 

Mr.  Benkelman  is  now  retired.  During  the  study 
Panted  in  this  article  he  was  employed  by  the  Bureau  of 
f  ilic  Roads  as  a  Highway  Research  Engineer  and  later 
*  ed  as  the  Flexible  Pavement  Research  Engineer  for  the 
|3H0  Road  Test. 
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Information  relative  to  this  study  of  flexible 
pavements  has  been  published  in  articles 
appearing  in  previous  issues  of  Public  Roads 
magazine  (1,  2) 3  and  publications  issued  by 
the  Highway  Research  Board  (8).  Objectives 
of  the  investigation  and  the  design  and  con- 
struction of  the  test  sections,  and  the  develop- 
ment of  testing  apparatus,  techniques,  and 
procedures  were  set  forth  in  references  1  and  2. 
Collected  data  on  test  findings  have  been 
presented  in  HRB  Special  Report  46  (3),  to 
encourage  independent  analyses.  These  data 
included  comprehensive  tabulations  of  most 
of  the  refined  plate-bearing  test  data,  de- 
tailed descriptions  of  the  test  procedures,  and 
descriptive  summaries  of  the  data  refinement 
processes.  Portions  of  these  data  have  been 
analyzed  in  other  publications  (4,  5). 

Many  different  procedures  can  be  used  for 
plate-bearing  tests  and  the  data  obtained 
may  be  analyzed  in  several  ways  (3).  Most 
of  the  data  obtained  from  use  of  three  dif- 
ferent   test    procedures    have    been    analyzed 


s  References  indicated  by  italic  numbers  in  parentheses 
have  been  listed  on  page  140. 


for  this  article.  These  analyses — based  on 
selected  vertical  movement  criteria — show 
principally  the  load-bearing  capacity  of  dif- 
ferent combinations  of  pavement  structure 
components  on  a  given  subgrade  soil  and  of 
the  subgrade  itself.  The  data  included  in 
1 1KB  Special  Report  40  that  have  been 
analyzed  for  this  article  have  not  been  re^ 
peated  here;  however,  references  have  been 
made  to  tabulations  of  pertinent  data  at  the 
time  of  their  specific  analysis. 

For  convenience,  this  article  includes  .sum- 
maries of  previously  published  information 
regarding  the  test  facilities,  the  laboratory 
and  field  testing  of  materials  and  soil,  and 
the  test  procedures  used  in  the  Hybla  Valley 
investigation. 

Findings 

Flexible  pavements  to  be  adequate  for 
carrying  prevailing  traffic  must  be  designed 
to  act  in  an  essentially  elastic  manner.  To 
meet  this  requirement  each  component  of  the 
pavement  must  possess  (1)  sufficient  inherent 
stability  to  resist  distortion  within  itself  and 
(2)  the  density  necessary  to  resist  consolida- 
tion. The  findings  from  the  analysis  of  tesl 
data  from  structural  behavior  of  pavemenl 
should  be  helpful  to  those  concerned  with 
designing  and  building  flexible  pavements. 

Data  from  a  series  of  Repetitional  Tests 
showed  that  the  thickness  of  pavement  struc- 
ture required  to  support  a  unit  load  of  80  p.s.i. 
varies  approximately  as  the  total  load  to  the 
0.4  power.  At  this  required  thickness  (3 
inches  of  AC  surface  plus  granular  base  in 
this  series  of  tests)  no  detrimental  or  non- 
elastic  movement  of  the  subgrade  soil  OCCUI  red. 

Some  of  the  other  more  important  findings 
are  given  in  the  following  paragraphs, 

•  When  the  subgrade  soil  was  tested  by 
having  the  load  applied  directly  through  rigid 
plates,  the  same  degree  of  elastic  deflection 
was  not  developed  in  the  subgrade  soil  as  when 
the  load  was  distributed  to  the  subgrade 
through  the  overlying  pavement  structure. 
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800' 


Table  1. — Thickness  of  test  sections 


SHOULDER 


MOVING  LOAD  TEST  LANE 
3"  SURFACE    COURSE 


STATIC     LOAD      TEST     LANE 
9"SURFACE  6"    SURFACE 


9"  SURFACE 


6"  SURFACE 


STATIC  LOAD  TEST  LANE 
3"  SURFACE    COURSE 


SHOULDER 


Thickness — 

Tost  section 

Surface 

Base  course 

Total 

course 

structure 

NORTH   TANGENT 

Number 

Influx 

Influx 

Inflies 

l      

3 
3 

6 
12 

9 
15 

2 

3  ..       

3 
3 

18 
24 

21 
27 

4 

5 

6 

r, 

12 

i; 

6 
6 

12 

18 

18 
24 

7 

8 

6 

24 

3(1 

9 

9 

6 

15 

10-.. 

9 
9 

12 

18 

21 
27 

11 

12    

9 

24 

33 

SOUTH  TANGENT 

13 

3 

II 

3 

14 

6 

I) 

() 

15 

12 

0 

12 

16 

0 

II 

0 

NORTH    TANGENT 


Test  Facilities 


10' 

3"    PAVED    SHOULDER 

12' 

3"   SURFACE  COURSE 

12' 

12"  SURFACE   COURSE 

12' 

6"   SURFACE    COURSE 

10' 

3"  PAVED    SHOULDER 

SUBGRADE 
TEST 
AREA 
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•A  C    SURFACE  COURSE  — 


SUBGRADE    SOIL    EMBANKMENT 
3%     STANDARD    A.A.S.H.O.     M  AXIMUM   DEN  SITY  (  METHOD 
MINIMUM   DEPTH  — 5  FEET 


EXISTING     SOIL 
SOUTH     TANGENT 


Figure  I . — l'lan*an<l  profile  of  north  and  south  tangents  of  lest  track. 


•  Test  data  showed  :i  constant  and  orderly 
interrelation  of  the  effect  of  unit  load,  diameter 
of    test     plate,    and    thickness    of    pavement- 
s' rucl  ure. 

•  When  average  surface  course  temperatures 
exceeded  75°  F.,  the  granular  base  course  ap- 
peared to  he  more  effective  in  supporting  load 
applied  through  a  rigid  plate  than  an  equal 
thickness  of  AC  only.  I5ut,  when  the  temper- 
atures of  i  he  surface  course  fell  below  75°  F., 
the  AC  surface  was  more  effective  than  the 
granular  base  in  supporting  the  load  applied 
t  hrougb  a  rigid  plate. 

•  The  ability  of  the  pavement  structure  to 
support,  load  was  appreciably  greater  win  n  the 
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average  pavement  temperature  was  between 
40°  F.  and  50°  F.  than  when  the  pavement 
temperature  was  between  75°  F.  and  95°  F. 

•  The  surcharge  provided  by  the  AC  surface 
course  appeared  to  have  had  little  effect  upon 
the  ability  of  the  base  course  to  support  load 
applied  through  rigid  plates.  Likewise,  the 
surcharge  provided  by  the  surface  plus  base 
course  had  little  effect  on  the  load-supporting 
capacity  of  the  subgrade. 

•  The  unit  load  supported  by  the  subgrade 
soil  at  a  given  deflection  decreased  at  a  dimin- 
ishing rate  as  the  size  of  the  loaded  area  was 
increased  up  to  that  of  a  bearing  plate  si 
inches  in  diameter- the  maximum  size  of 
plate  used  in  these  te^is. 


The  tests  on  structural  behavior  of  flexil 
pavements  were  conducted  on  two  800-f< 
tangents  of  an  oval  test  track.  The  plan  a 
profile  of  the  north  and  south  tangents  of  1 
tesl  track  are  shown  in  figure  1.  A  tabulaj 
of  the  thicknesses  of  the  tesl  sections  is  gh 
in  table  1.  The  test  sections  located  on  1 
north  tangent  consisted  of  either  3-,  6-,  or 
inch  thicknesses  of  bituminous  concrete  sil 
faces  each  laid  respectively  on  6-,  12-,  18-,  a 
21-inch  granular  base  courses  that  had  In 
constructed  on  a  uniform  clay-soil  embaij 
ment.  The  test  sections  on  the  south  tange 
consisted  of  either  3-,  6-,  or  12-inch  bituminc 
concrete  courses  laid  directly  on  the  unifo:} 
clay-soil  embankment,  which  was  of  the  sa 
type  as  the  cla.y  soil  in  the  embankment 
the  north  tangent.  Tests  were  also  ms 
directly  on  the  subgrade  soil  of  the  sot 
tangent  in  an  area  reserved  for  these  spec 
tests.  Test  sections  were  each  a  minimum 
100  feet  in  length  and  had  a  minimum  wi< 
of  1 2  feet, 

The  subgrade  was  constructed  of  a  unifc 
A-7-6  soil  in  -1-inch  layers  compacted  S 
minimum  of  95  percent  of  the  maxim 
density  obtained  by  Standard  Laborat 
Mi  llmd  of  Text  for  The  Compaction  < 
Density  of  Soil,  A  ASflO  Designation:  T  99- 
in  Highway  Materials,  Part  II,  1947,  ] 
212-213.  The  minimum  height  of  embai 
ment  was  5  feet.  The  base  course  was 
uniform  dense-graded  mixture  of  soil,  sai 
and  gravel  conforming  closely  to  grading  E 
of  Standard  Specifications  for  Materials 
Stabilized  Base  Course,  AASHO  Designate 
M  56-42,  in  Highway  Materials,  Part  I,  19 
pp.  35-36.  It  was  constructed  in  3-ii 
compacted  layers  to  a  minimum,  in-place  c 
density  of  136  pounds  per  cubic  foot  (p.c 

The  bituminous  concrete  surface  course  \ 
a  dense-graded,  hot,  plant-mix  type  confor 
ing  to  specifications  of  the  Asphalt  Instil 
(6).     Mix    No.    IV   was    used    for    all    3-1 
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Table  2. — Summary  of  principal  features  of  test  procedures 


Number  of  different  loads. 

Successive  deflections,  ap- 
proximately  inches,. 


Load. 


.p.S.l-- 


Number  of  load  applica- 
tions or  release. 

Duration  of  each  load  ap- 
plication or  release. 


Plate  diameter inches. 


Accelerated  Test- 


Part  a 


0.20 _ 
0.30 
0.40 


Until  move- 
ment de- 
creased to 

0.001  inch  per 

1.",  -ice 


Part  6 


(')- 


(')- 


Continuous  to 
end  of  test. 


Repetitional  Test- 


Part  a 


Until  move- 
ment de- 
creased to 
0.001  inch  per 
15  sec. 

6  to  42  in 
3-inch  incre- 
ments. 


Part  6 


6  to  42  in 
3-inch  incre- 
ments. 


Incremental- 
Repetitional 

'I  ,.-i 


0.125 
0.250 
0.375 
0.500 
(') 


Until  rate  of 
movement  de- 
creased to  0.001 
inch  per  minute 


1  Depended  upon  test  conditions. 


trface  courses  and  for  the  top  3  inches  of  the 
•,  9-,  and  12-inch  surface  courses.  Mix  No. 
i  was  used  for  the  lower  portions  of  the  6-, 

and  12-inch  surface  courses.  The  test 
Actions  were  built  with  great  care,  extreme 
•ecautions  being  taken  to  ensure  uniformity 

composition  and   compaction   of  the   sub- 


grade,  and  in  composition,  compaction,  and 
thickness  of  the  pavement  structure  com- 
ponents. Detailed  descriptions  of  the  test 
facilities — including  the  layout  of  test  sec- 
tions— and  materials  and  construction  meth- 
ods used  are  contained  in  previous  publications 
>1.  2,  and  3). 


Laboratory  and  Field  Testing  of 
Ma  terials 

In  connection  with  the  loading  tests,  repre- 
sentative samples  of  the  pavement  structure 
components  and  the  subgrade  were  obtained 
periodically  from  most  of  the  test  sections  for 
laboratory  analysis.  In  addition,  in-place 
density  and  moisture  determinations  were 
made  of  the  base  course,  and  undisturbed 
cores  of  the  subgrade  were  obtained  for 
density  and  moisture  content  determinations. 

Results  of  preliminary  tests  emphasized  the 
importance  of  the  effect  of  temperature  of  the 
bituminous  (AC)  surface  course'  at  the  time 
of  testing  on  the  ability  of  the  different  sec- 
tions to  support  load.  Consequently,  thermo- 
couples were  installed  at  several  different 
depths  in  the  pavement  structure  of  repre- 
sentative test  sections,  and  temperature 
measurements  were  recorded  routinely.  Pre- 
cise control  of  the  temperature  of  the  bitu- 
minous surface  courses  during  a  series  of 
loading  tests  was  of  course  impossible. 
However,  by  limiting  the  testing  season  from 
mid-May  to  mid-September  of  each  year  and 
by  shading  the  pavement  in  the  vicinity  of  the 
test  site,  the  average  temperature  of  the 
bituminous  surface  could  be  controlled  within 
what  seemed  to  be  reasonable  limits  of  about 
75°  F.  and  95°  F.  This  procedure  was 
followed  for  all  tests  in  which  it  was  desired 
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5  10  15  20  25  30 

TOTAL    PAVEMENT   THICKNESS  — INCHES 

o o     LOAD   ON    3-IN.    A.C.+  BASE 

* «      LOAD   ON   BASE,  3-IN.  A. C.   REMOVED 

•     LOAD  ON    SUBGRADE 
ENCIRCLED   NUMBERS  INDICATE    TEST    PLATE 
DIAMETER    IN    INCHES 

igure  2. — Load -thickness  curves  of  the  pavement  and  base  course 
based  on  gross  deflection  of  the  medium  tested — 3-inch  AC  sur- 
face sections. 
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5  10  15  20  25 

TOTAL   PAVEMENT    THICKNESS— INCHES 

o o     LOAD   ON    3-IN.    A.C.+    BASE 

* «      LOAD   ON   BASE,   3-IN.  A.C.   REMOVED 

•     LOAD   ON    SUBGRADE 
ENCIRCLED  NUMBERS    INDICATE  TEST   PLATE 
DIAMETER  IN   INCHES 

Figure  3. — Load -thickness  curves  of  the  pavement  and  base  course 
based  on  elastic  deflection  of  the  subgrade — 3-inch  AC  surface 
sections. 
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0  5  10  15  20  25  30 

TOTAL  PAVEMENT  THICKNESS  — INCHES 

O o     LOAD    ON    6-IN.    A.C.  +  BASE 

« «      LOAD   ON    BASE,  6-IN.  A.C.    REMOVED 

•     LOAD    ON    SUBGRADE 
ENCIRCLED    NUMBERS  INDICATE    TEST    PLATE 
DIAMETER   IN    INCHES 

Figure  4. — Load-thickness  curves  of  the  pavement  and  base  course 
based  on  elastic  dejlection  of  the  subgrade — 6-inch  AC  surface 
sections. 


to  control  the  temperature  within  these  limits. 
For  tests  made  on  the  granular  base  and  on  the 
subgrade,  the  temperature  of  the  materials 
within  the  range  obtaining  during  any  of  the 
tests  was  not  considered  a  significant  factor. 


800 


600 


400 


Plate-Bearing  Test  Procedures 

Definitions  of  pertinent  terms  and  a  detailed 
description  of  the  test  procedures  used  have 
been  reported  previously  (/,  2,  and  3).     How- 
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Figure  J. — Ultimate  load-thickness  curves  of  the  pavement  and  base 
course — 3-inch  AC  surface  sections. 
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ever,  to  facilitate  comprehension  of  thi: 
article,  a  summarization  has  been  included 
The  following  listed  definitions  apply. 

Pavement. — The  entire  structure  includin) 
the  surface  course,  and  the  base  course  wheii 
present.  Movements  of  the  pavement  id 
eluded  those  occurring  in  the  subgrade. 

Surface  course. — The  asphaltic  concrete 
(AC)  course  that  rested  on  the  base  course  o 
on  the  subgrade. 

Base  course. — The  granular  aggregate  cours^ 
(hat  rested  on  the  subgrade. 

Subgrade. — The  soil  embankment  under 
lying  the  base  or  surface  course. 

Cross  deflection. — The  total  vertical  move 
ment,  both  elastic  and  inelastic,  of  the  pave 
merit,  of  the  base  plus  subgrade,  or  of  th 
subgrade  only  caused  by  the  application  of  ; 
single  load  or  more  than  one  load. 

Settlement. — The  permanent  or  inelasti 
vertical  displacement  caused  by  the  applica 
tion  of  a  single  load  or  the  cumulative  perma 
nent  displacement  caused  by  the  applicatioi 
of  more  than  one  load. 

Elastic  deflection. — The  portion  of  the  gros 
deflection  of  the  pavement,  the  ba>e  plu 
subgrade,  or  the  subgrade  only  that  wa 
recovered  upon  release  of  the  load. 

Early  in  the  investigation  it  was  realize 
that  the  data  could  be  greatly  augmented  an 
the  analysis  enhanced  or  broadened  b 
obtaining  measurements  of  the  vertics 
movements,  not  only  on  the  surface  bein 
loaded  but  also  simultaneously  at  other  level 
in  the  pavement  structure.  After  considerabl 
experimental  work,  a  reliable  and  accurat 
method  was  developed  (3).  Consequently 
for  all  the  tests  reported  here,  when  test 
were  made  on  the  surface  course  simu 
taneous  measurements  of  movement  wei 
made  at  the  surface,  at  the  top  of  the  bas 
course,  and  at  the  top  of  the  subgradf 
When  tests  were  made  on  the  base  coursi 
simultaneous  measurements  were  made 
the  top  of  the  base  course  and  the  top  of  tl 
subgrade. 

At  the  time  of  this  investigation  no  standar 
or  generally  accepted  procedure  for  conduct  in 
rigid-plate  bearing  tests  had  been  dcvelope( 
Consequently,    one    of    the    objectives    of 
rather    elaborate     preliminary     field     testi 
program    was    the    development    of    such 
procedure.      Most   of  the   data   obtained  an 
reported  herein  were  obtained  by  either  o 
or  the  other  of  two  newly  developed  procedure 
the    Accelerated    Test   and    the    Repetition: 
Test.     However,    some    additional    data    ol 
tained  by  a  third  procedure,  the  Incrementa 
Repetitional   Test,   also   have   been   include 
The  principal  features  of  each  of  these  tes' 
are  shown  in  table  2.     The  standards  deve 
oped  for  conducting  these  tests  were  metici 
lously  adhered  to. 

The  Accelerated  Test 

The  Accelerated  Test  consisted  of  two  part 
the  incremental  (part  a)  and  the  accelerate 
(part  b).  The  incremental  part  provided  f< 
the  application  and  release,  once  each, 
three  individual  loads  of  increasing  magnitud 
The  period  of  application  or  release  wi 
maintained  until  the  rate  of  movement  slowej 
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I  o  0.001  of  an  inch  in  15  seconds.     The  mag- 

ntudes  of  the  loads  were  selected  by  estima- 

1  ion    so    as    to    produce    gross    deflections    of 

I  ipproximately  0.20,  0.30,  and  0.40  of  an  inch 

■  or  each  of  the  three  loads,  respectively. 
■Since  the  loads  were  necessarily  estimated,  it 

■  vas  intended  that  the  gross  deflections  men- 
Biioned  should  be  considered  merely  goals 
H.hat  were  sought  rather  than  specific  gross 
I  leflections  that   were  to  be  attained. 

After   release   of  the    third   load   and   after 

■  he    movement-time    criterion    of    the    incre- 
nental   part   of  the    test   had    been    satisfied, 

■the  accelerated   part   of  the   test    was   begun. 

t  consisted  of  the  continuous  application  of 
l,i  load  of  increasing  magnitude,   the  rate   of 

oad  application  being  controlled  so  as  to 
mroduce  a  rate  of  vertical  movement  of  the 
■surface  under  test  of  0.5  of  an  inch  per 
Ininute.     The    application    of    the    load    was 

•ontinued  until:   (1)  the  material  was  unable 

o   support    a   further    increase    in    the    load, 

2)  the  gross  deflection  exceeded  2.0  inches,  or 
■3)  the  total  reaction  load  had  been  utilized. 

In  nearly  all  of  the  tests,  condition  (1)  was 
If-eached  first;  the   maximum   load   applied   to 

•each  this  condition  was  called  the  ultimate 
load.     The    rate   of   load   application    in    the 

ncremental  part  of  the  Accelerated  Test  was 
'comparatively  high,  the  total  elapsed  time 
jrequired  to  cause  the  selected  maximum  gross 
deflection  of  2.0  inches  being  only  4  minutes. 

Also,  the  maximum  gross  deflection  in  t  he 
'incremental  part  of  this  test  was  much 
ilgreater  than  in  any  of  the  other  types  of  tests. 

The  Kepetitional  Test 

The  Repetitional  Test  was  developed  in 
Ian  effort  to  determine  whether  the  elastic 
'action  of  a  flexible  pavement  structure  might 
Serve  as  an  acceptable  criterion  of  its  load- 
supporting  capacity.  Like  the  Accelerated 
[Test,  it  consisted  of  two  parts,  part  a  being 
similar  to  the  first  part  (incremental)  of  the 
Accelerated  Test.  In  part  a  of  the  Repeti- 
tional Test,  16-,  32-,  48-,  and  64-p.s.i.  loads 
were  applied  and  released  once  each,  and  the 
resultant  vertical  movements  were  measured. 
The  movement-time  criterion  was  the  same 
as  that  of  the  Accelerated  Test.  Part  b 
'required  the  application  and  release  75  times 
of  a  constant  unit  load  of  80  p.s.i.  For 
each  repetition,  the  load  was  applied  and 
removed  alternately  for  1-minute  periods  of 
time. 

The  principal  objective  of  the  Repetitional 
Test  was  to  determine  the  magnitude  of  total 
load  for  a  given  unit  load  or  contact  pressure 
under  which  the  subgrade  would  act  in  an 
essentially  elastic  manner  when  the  load  was 
applied  repetitiously  to  the  surface.  Since  it 
was  desired  that  the  magnitude  of  the  unit 
test  load  approximate  the  tire  contact  pressures 
of  the  heavier  commercial  vehicles,  a  unit  load 
of  80  p.s.i.  was  used  as  standard.  Thus  the 
magnitude  of  the  total  applied  load  varied 
directly  as  the  area  of  the  bearing  plate. 
Plates  ranging  from  6  to  42  inches  in  diameter 
in  3-inch  increments  were  used  on  the  different 
test  sections.  The  range  in  total  applied  load 
was,  therefore,  from  2.26  to  110.8  thousand 
pounds  deadweight  load  (kip). 


12  16  20  24 

BEARING  PLATE   DIAMETER  — INCHES 


Figure  6. — Deflection -plate  diameter  curves  at  ultimate  load. 


The  Incremental-Repetitional  Test 

The  Encremental-Repetitional  Test  provided 
for  the  application  of  four  loads  of  increasing 
magnitude,  each  of  which  was  applied  and 
released  five  times.  Each  load  was  main- 
tained until  the  rate  of  movement  of  the  sur- 
face under  test  slowed  to  0.001  of  an  inch  per 
minute.  After  release  of  the  load,  it  was  not 
reapplied  until  the  rate  of  recovery  had  dimin- 
ished to  the  same  rate  of  movement.  The 
loads  were  selected  by  estimation  so  as  to 
cause  gross  deflections  of  about  0.125,  0.250, 
0.375,  and  0.500  of  an  inch  prior  to  release  of 
the  fifth  application  of  each  load;  as  for  the 


incremental  part  of  the  Accelerated  Test,  the 
gross  deflections  specified  were  intended  to  be 
considered  as  guides  only. 

Analysis  of  Accelerated  Test  Data 

The  data  for  the  Accelerated  Tests  on  the 
surface  and  base  courses  of  test  sections  1  to 
12  inclusive  are  shown  in  table  4  and  corres- 
ponding data  for  tests  on  the  subgrade^are 
shown  in  table  5  of  reference  (3) .  Figures'  2  to 
4  inclusive  show  relations  between  unit  load 
and  total  pavement  structure  thickness" for 
the  various  movement  criteria  for  each  of  four 
bearing  plate  sizes.     The  data  in  these  figures 
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Figure  7. — Load-peri  meter  area  ratio  curves  based  on  gross  deflec- 
tion of  the  pavement  and  on  elastic  deflection  of  the  subgrade. 
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Figure  8. — Load-elastic  deflection  curies  for  equal  thicknesses  of  pave- 
ment composed  of  either  6-inch  AC  surface  phis  base  course  or  the 
base  course  alone. 


were  obtained  from  the  incremental  part  of 
the  test.  The  load  data  plotted  in  figure  2  arc 
for  gross  deflections  of  0.20  and  0.40  of  an  inch 
of  the  tested  medium  (pavement,  base,  or 
subgrade)  and  those  in  figures  3  and  4  are  for 
elastic  deflections  of  the  subgrade  of  0.04  and 
0.08  of  an  inch.  The  gross  deflections  are 
given  in  column  1  in  table  4,  and  in  column  3 
in  table  5  of  reference  (3).  The  elastic  deflec- 
tions are  tabulated  in  columns  9  and  7  in 
tables  4  and  5  respectively  of  the  same  publi- 
cation. 

In  figures  2  through  4,  load  curves  are  shown 
for  the  granular  base  course  alone  acting  as  a 
structure,  and  for  pavement  structure  com- 
posed of  a  bituminous  concrete  surface  course 


T= 15    IN. 


T  =  21  IN. 


plus  the  base.  For  test  results  shown  in 
figures  2  and  3,  the  thickness  of  the  surface 
course  was  3  inches  and  for  those  in  figure  I 
it  was  6  inches.  The  notation  in  the  figures, 
"Load  on  base,  3-inch  AC  removed," 
refers  to  data  for  tests  made  on  the  base  course 
after  removal  of  the  overlying  surface  course. 
In  each  of  the  figures,  the  data  plotted  on 
the  ordinate  (zero  thickness  of  pavement 
structure)  represent  those  for  tests  made 
directly  on  top  of  the  subgrade.  The  curves 
fitted  to  the  plotted  data  for  each  of  the  test 
plates  might  be  considered  to  originate  at 
these  subgrade  points.  These  curves  for  the 
different  plates  and  movement  criteria  show 
the    extent    of   the    ability    of   the    pavement 
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Figure  '). — Load-elastic  deflection  curves  for  equal  thicknesses  of  pavement 
composed  of  either  9-inch  AC  surface  plus  base  course  or  3-inch  AC  surface 
pins  base  course. 


structure  to  support  load  as  the  thickness  ( 
the  structure  is  increased.  In  general,  th 
curves  are  parabolic  in  character  and  fit  th 
data  reasonably  well. 

With  reference  to  test  results  depicted  i 
figures  2  and  3,  the  following  comments  ar] 
made. 

•  The  effect  of  thickness  of  pavement  wa 
orderly  and  consistent.  The  plotted  point 
define  lines  thai  are  slightly  curved  or  para 
bolic  and  indicate  that  the  unit  load  supportei 
by  a  given  plate  varied  as  an  exponential  fund 
tion  of  the  thickness.  Little  difference  exist 
in  the  shape  of  the  curves  for  the  3-inch  A( 
surface  plus  base  and  their  shape  for  an  equa 
thickness  of  base  alone. 

•  Although  the  slopes  of  the  curves  for  th 
smaller  plates  are  steeper  than  those  for  th, 
larger  plates,  little  difference,  generally,  oc 
curred  with  the  increase  in  unit  load  on  a  per 
centage  basis  for  any  of  the  plates  when  com 
putations  were  made  for  the  same  range  ii 
thickness. 

•  The  data  indicated  that,  for  any  givei 
total  thickness,  the  base  course  as  a  struct  un 
was  somewhat  more  effective  in  supporting 
load  than  an  equal  thickness  of  combined  sur 
face  and  base  course.  This  was  true  for  al 
criteria  employed  to  express  load  support 
However,  the  difference  in  indicated  effective! 
ness  of  the  two  combinations  of  structure  t< 
support  load  decreased  appreciably  as  the  sizd 
of  the  test  plate  was  increased.  In  fact,  foi 
elastic  deflections  of  the  subgrade  of  0.04  am 
0.08  of  an  inch,  as  shown  in  figure  3,  the  rela- 
tions of  load  to  thickness  for  the  plate  30  inchesl 
in  diameter  were  practically  the  same,  regard- 
less of  the  makeup  of  the  structure. 

Curves  similar  to  those  shown  in  figures 
and  3  can  also  be  plotted  for  a  given  elastii 
deflection  of  the  pavement  structure.  Th< 
comments  in  the  three  preceding  paragraphs 
also  applied  when  the  elastic  deflection  of  th< 
pavement  structure  was  used  as  a  criterion. 

The  curves  presented  in  figure  4  are  similar 
to  those  shown  in  figure  3,  except  that  thej 
apply  to  the  6-inch  AC  surface  plus  base  and 
to  the  base  course  after  removal  of  the  AC 
surface.  The  curves  shown  are  only  for  the 
18-  and  24-inch  plates.  The  indications  ol 
these  data  are  much  the  same  as  those  for  th 
3-inch  AC  surface  plus  base  and  the  base  alone 
that  is,  the  base  course  alone  was  more  effec-j 
tive,  generally,  in  supporting  load  than  ai 
equal  thickness  of  surface  and  base  course 
combined,  but  the  difference  was  appreciably 
less  pronounced.  Similar  curves  showing  the 
same  trends  can  be  developed  for  the  pave- 
ment consisting  of  a  9-inch  AC  surface  plus' 
base. 

The  data  for  figure  5  were  obtained  by  part 
b  of  the  Accelerated  Test  procedure  and  arc 
tabulated  in  column  7  of  table  4,  reference  (3). 
The  load  was  applied  continuously  at  a  com- 
paratively rapid  rate  and  the  gross  deflection 
at  the  end  of  the  test  was  much  greater  than! 
that  obtained  in  the  other  test  procedures: 
In  figure  5,  the  ultimate  unit  load  data  for 
each  of  the  sections  consisting  of  3  inches  of 
AC  surface  plus  base  and  for  the  base  coursei 
under  this  surface  have  been  plotted  against! 
the    total    thickness    of    the    structure.     The 
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Figure  10. — Summary    of   Accelerated    Test    data    obtained     in 
tests  made  with  the  bearing  plate  18  inches  in  diameter. 
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Figure  11. — Typical  Repetitional  Test  data  for  tests  in  which 
progressive  vertical  movement  of  all  pavement  components  and 
of  the  sub  grade  occurred. 


jxtrapolated  data  were  computed  for  either 
1  the  condition  in  which  the  available  reaction 
load  or  the  range  of  the  micrometer  dials  (2.0 
inches)  was  exceeded.  The  general  charac- 
teristics of  the  relations  shown  in  figure  5  are 
much  the  same  as  the  curves  in  figures  2,  3, 
and  4.  However,  for  total  pavement  thick- 
messes  of  up  to  about  22  inches,  the  combina- 
tion of  surface  plus  base  was  more  effective 
than  the  granular  base  course  alone  in  resisting 
failure  or  in  postponing  the  breakdown  in 
Resistance. 

Column  7  of  table  4  in  reference  (3)  lists 
the  gross  deflections  of  the  pavement  struc- 
tures (surface,  base,  and  subgrade)  at  the 
ultimate  (maximum)  loads.  These  deflec- 
tions were  recorded  when  the  surface  failed 
in  shear  around  the  perimeter  of  the  bearing 
plate  or  when  the  resistance  of  the  material 
was  overcome.  These  deflections  have  been 
plotted  in  figure  6  as  a  function  of  the  diameter 
of  the  bearing  plate.  They  represent  the 
averages  respectively  for  all  the  tests  made 
with  the  12-,  18-,  24-,  and  30-inch  diameter 
plates  on  all  of  the  pavement  sections.  Some 
special  tests  were  made  on  the  surface  of  the 
pavement  in  which  a  plate  6  inches  in  diameter 
was  used,  and  the  average  gross  deflections 
obtained  from  these  tests  were  also  plotted. 
The  linear  curves  fitted  to  the  plotted  points 


are  reasonably  well  defined.  They  indicate 
that  for  the  smaller  plates  the  gross  deflection 
at  ultimate  load  for  the  AC  surface  plus  base 
was  greater  than  that  for  the  base  course  alone; 
whereas,  for  the  larger  plates,  the  reverse 
was  true.  The  range  in  gross  deflections  at 
ultimate  load  for  loading  either  on  the  surface 
or  base  was  from  about  1  to  2  inches  for  the 
range  in  plate  sizes  used.  Usually,  the  AC 
surface  ruptured  or  failed  in  shear  only  when 
the  6-  and  12-inch  diameter  plates  were  used 
in  the  test.  Visual  observations  and  a  few 
radial  deflection  measurements  showed  that 
the  curvature  of  the  surface  was  much  flatter 
when  the  test  was  made  on  the  larger  plates. 
This  difference  in  curvature  was  probably 
responsible  for  the  marked  failure  of  the 
surface  in  the  tests  in  which  the  smaller  bear- 
ing plates  were  used. 

Some  of  the  data  included  in  figures  2  and 
3  was  replotted  in  figure  7  in  order  to  show 
more  clearly  the  effect  that  the  size  of  the 
bearing  plate  had  on  structural  strength  of 
the  pavement.  In  figure  7,  the  unit  load  was 
plotted  as  a  function  of  the  perimeter-area 
ratio  of  the  bearing  plate,  a  ratio  that  increased 
with  a  decrease  in  diameter  of  the  bearing 
plate.  The  upper  part  of  the  figure  shows  the 
curves  for  a  gross  pavement  deflection  of 
0.20  of  an  inch,  and  the  curves  shown  in  the 


lowerNpart  of  the  figure  are  for  an  0.08-inch 
elastic  deflection  of  the  subgrade.  A  con- 
sistent and  well-defined  effect  of  size  of  the 
bearing  plate  is  shown  by  these  test  data. 
They  indicated  that  the  ability  of  the  structure 
to  support  a  given  unit  load  diminished  as 
the  thickness  of  the  pavement  was  decreased 
and  the  size  of  the  bearing  plate  was  increased. 
This  effect  has  been  demonstrated  in  other 
studies  and  is  consistent  with  theories  that 
are  in  use.  The  curves  based  on  gross 
deflection  were  linear  and  those  based  on 
elastic  deflection  tended  to  be  curvilinear  in 
shape.  The  deviation  from  linearity  became 
more  pronounced  as  the  overall  thickness 
of  pavement  structure  was  increased  and  as 
the  diameter  of  the  bearing  plate  was  de- 
creased. 

In  figure  8,  test  data  show  the  relations 
between  unit  load  and  elastic  deflection  of  I  hi 
subgrade  for  tests  made  with  two  sizes  of 
plates  on  pavement  structures  that  had  overall 
thicknesses  respectively  of  12,  18,  and  24 
inches.  For  one  series  of  tests  the  pavement 
structure  consisted  of  a  6-inch  AC  surface 
plus  base  and  for  another  the  structure  was  the 
base  alone  after  the  6-inch  surface  course 
directly  beneath  the  test  plate  had  been  re- 
moved. In  figure  9,  similar  relations  are 
shown  for  tests  made  with  two  sizes  of  plates 
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Figure  12. — Typical  Repetitional  Test  data  for  tests  in   which 
the  movement  of  the  sub  grade  was  nonprogressive. 
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on  pavement  structures  having  overall  thfj 
nesses  respectively  of  15,  21,  and  27  inch 
For  one  series  of  tests  the  pavement  struck 
consisted  of  a  9-inch  AC  surface  plus  base  a 
for  another,  the  structure  consisted  of  a  3-in 
AC  surface  plus  base.     The  data  shown 
these   figures   are   tabulated   in    column   9 
table  -1   of  reference   (3).     The  curves  >ho\ 
in  figure  8  are  in  agreement  with  those  slw 
in  figures  2-4  in  that  the  base  course  alo 
tended   to  protect   the  subgrade  from   mo\ 
ment  more  effectively   than  an   equal   tint 
ness  of  6-inch  AC  surface  plus  base.    For  tes 
on  the  12-inch  thickness  of  structure,  and  1 
those    made   with    the    18-inch   plate   on   t 
18-inch  structure,  the  difference  in  unit  lo; 
relations   for   tests    on    the    AC   surface   pi 
base  and  on   the  base  course  alone  was  a 
preciable,     otherwise,     differences     were    i 
significant. 

Data  for  the  15-  and  27-inch  thicknesses 
pavement,   in   figure  9,   show  that  the  coi 
bination  of  9-inch  AC  surface  plus  base  co 
sistently    supported    more    load    for    a    giv| 
subgrade  deflection  than  the  3-inch  AC  surfa 
plus    base.      For    the    21-inch    thickness 
pavement,  very  little  difference  was  noted 
the  unit  load  supported  by  the  two  designs  i 
pavement.      No    explanation    was    found   f 
this  apparent  inconsistency. 

A  summary  of  data  from  the  Acceleral 
Test  made  with  the  18-inch  bearing  plate 
presented  in  figure  10.  Total  loads  are  sho^ 
for  (1)  elastic  deflection  of  the  subgrade 
0.08  of  an  inch,  (2)  elastic  deflection  of  I 
pavement  structure  of  0.16  of  an  inch,  ai 
(3)  gross  deflection  of  the  structure  of  0.40 
an  inch.  The  loads  for  each  of  three  ar 
trarily  selected  thicknesses  of  structure 
15,  and  25  inches — were  obtained  direei 
from  load-thickness  plots  of  the  data.  Tl 
following  comments  pertain  to  these  data: 
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Figure  13. — Effect  of  size  of  bearing  plate  on  elastic  deflection  of 
pavement — 3-inch  AC  surface  plus  base. 


Figure  14. — Effect  of  size  'of  bearing  plate  on  elastic    deflection 
of  subgrade — 3-inch  AC  surface  plus  base. 
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Figure  15. — Relation  between  size  of  bearing  plate  and  pavement  thick- 
ness based  on  elastic  deflection  of  the  subgrade — 3-inch  AC  surface 
plus  base. 


In  general,  the  indications  are  much  the 
ime  regardless  of  the  movement  criterion 
-cd  to  express  load  support.  For  example, 
ir  all  three  criteria  the  difference  between  the 
iads  supported  by  the  base  course  and  those 
ipported  by  the  AC  surface  plus  base  course 
jmbinations  was  of  about  the  same  order  of 
agnitude.  Also,  the  relative  effect  of  overall 
lickness  of  pavement  was  about  the  same 
gardless  of  the  movement  criterion  used. 

The  total  loads  supported  by  a  given 
lickness  of  base  course  alone  increased  some 
the  thickness  of  AC  surface  removed  was 
creased  from  3  to  6  inches.  However,  an 
crease  from  6  to  9  inches  in  the  thickness  of 
C  surface  removed  had  little  effect  on  the 
)tal  load  supported  by  a  given  thickness  of 
ase  course  alone,  except  for  pavements 
aving  overall  thicknesses  of  15  and  25 
ches  when  the  gross  deflection  of  the  pave- 
ment was  0.40  of  an  inch. 
•  Increasing  the  thickness  of  surface  from 
to  6  inches  apparently  was  of  more  benefit 
lan  increasing  it  from  6  to  9  inches.  This 
pplied  for  all  three  thicknesses  of  pavement 
ructure.  The  results  of  the  Accelerated 
fest  will  be  discussed  further  in  connection 
ith  the  analysis  of  the  Repetitional  Test 
ata. 

Analysis  of  Repetitional  Test  Data 

The  immediate  objective  in  each  of  the 
tepetitional  Tests  was  to  determine  the 
lagnitude  of  the  load  under  which  the  pave- 
lent  or  its  supporting  subgrade  would  act  in 
n  essentially  elastic  manner  when  a  constant 
nit  load  was  applied  repetitiously  on  the 
avement  surface.  It  was  reasoned  that,  if 
n  elastic  condition  were  developed  a  progres- 
ive  permanent  deformation  of  the  subgrade 
l.'ould  not  occur  and  continued  satisfactory 
tructural     performance     of     the     pavement 
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might  be  expected.  In  other  words,  the 
maximum  load  under  which  the  desired  degree 
of  elastic  action  developed  might  constitute 
the  maximum  safe  load  for  a  particular  pave- 
ment structure. 

Some  of  the  data  developed  from  the  Repe- 
titional Tests,  part  b,  are  shown  in  figures  11 
and  12.  These  data  are  typical  of  those 
obtained  from  each  of  these  tests.  In  figure 
11  the  data  are  representative  of  those  ob- 
tained when  some  progressive  vertical  move- 
ment of  each  component  of  the  pavement 
structure  and  the  subgrade  occurred  during 
the  75  applications  of  load.  Figure  12  shows 
curves  for  a  combination  of  load  and  pave- 
ment design  conditions  during  which  the  sub- 
grade  had  almost  no  progressive  movement 
after  about  10  applications  of  load.  The  data 
from  these  two  tests,  in  a  sense,  represent  the 
two  extremes  of  the  results  obtained — in  the 
former  the  movements  of  all  components 
were  progressive,  but  in  the  latter,  the  move- 
ment of  the  subgrade  was  essentially  non- 
progressive. In  block  A,  the  top  block 
respectively  in  each  of  the  figures,  the  defor- 
mation and  settlement  within  the  AC  surface 
plus  base  are  shown.  The  deformation  was 
the  total  decrease  in  thichness  of  the  two 
courses  as  a  given  load  repetition  was  being 
applied.  The  settlement  was  the  permanent 
decrease  that  remained  when  the  load  was 
released.  The  difference  between  the  two 
amounts  of  decrease  has  been  termed  the 
elastic  deflection  within  the  pavement. 

Elastic  behavior 

The  deformation  and  settlement  that 
occurred  within  the  bituminous  surface  (AC) 
and  within  the  granular  base  course  are  shown 
in  blocks  B  and  C,  respectively  (figs.  11  and 
12).  The  gross  deflections  and  settlements 
of  the  top  of  the  AC  surface,  top  of  base,  and 
top  of  subgrade  occurring  during  these  tests 
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Figure  16. — Load-pavement  thickness  curve 
based  on  permissible  elastic  deflection  of 
subgrade — 3-inch  AC  surface  plus  base. 

are  shown  in  blocks  D.  Results  from  the 
Repetitional  Tests  showed  that  the  elastic 
deflection  (the  difference  between  the  gross 
deflection  and  settlement)  was  constant 
throughout  the  period  of  application  and 
release  of  the  75  test  loads  for  each  of  the 
Repetitional  Tests.  This  relationship  is  illus- 
trated by  the  curves  in  blocks  D  in  figures 
11  and  12.  Note  that  the  gross  deflection 
and  settlement  relations  for  the  combination 
of  components — surface,  base,  and  subgrade 
indicated  by  curves  1  and  2,  the  base  and 
subgrade  indicated  by  curves  3  and  4,  and 
the  subgrade  alone  indicated  by  curves  5 
and  6 — are  essentially  parallel.  Little  dif- 
ference was  noticed  in  this  relationship 
regardless  of  whether  the  load  applied  through 
a  particular  plate  had  caused  progressive, 
permanent  deformations  of  the  components. 


TOTAL    LOAD —THOUSANDS  OF   POUNDS 

Figure  17. — Load-deflection  curves  for  the 
80-p.s.i.  test  load  on  the  3-inch  AC  surface 
plus  base. 
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Figure  18. — Relation  between  pavement  thickness  and  permissible  elastic 
deflection  of  the  subgrade  for  the  80-p.s.i.  test  load  on  3-inch  AC 
surface  plus  base. 
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Figure  19. — Load-elastic  deflection  curves  for  surfac 
courses  plus  18-inch  base  pavements  and  for  the  bast 
with  the  surface  removed — 80-p.s.i.  test  load. 


Early  in  the  Repetitional  Test  program, 
it  was  noticed  that  the  subgrade  appeared 
to  act  in  a  completely  elastic  manner  (fig.  12) 
\\  hen  a  given  thickness  of  overlying  pavement 
structure  protected  it  from  progressive,  per- 
manent deformations.  Consequently,  a 
reasonable  and  logical  assumption  seemed 
to  be  that  such  elastic  action  of  the  subgrade 
might  serve  as  an  index  for  determining  the 
safe  load-carrying  capacity  of  pavement. 
Therefore,  the  determination  of  the  maximum 
load  (80  p.s.i.  times  the  area  of  bearing  plate) 
for  each  test  section  under  which  the  subgrade 
movement  would  cease  to  be  progressive 
was  adopted  as  another  objective  of  this 
program 

In  all  of  the  Repetitional  Tests,  none  of  the 
surface  and  base  courses  themselves  ceased 
to  undergo  some  progressive  deformation 
during  the  application  and  release  of  the  75 
loads.  The  extent  to  which  the  pavement 
plus  base  was  permanently  deformed  de- 
pended, of  course,  upon  the  load-pavement 
design  relationship.  For  example,  according 
to  the  data  shown  in  figure  11,  the  surface 
plus  base  was  deformed  permanently  about 
O.l'o  of  an  inch  after  75  applications  of  the 
test-  load  (see  lower  curve  in  block  A).  The 
corresponding  permanent  deformation  shown 
in  figure  12  was  0.17  of  an  inch.  Whether 
the  permanent  deformations  that  developed 
in  the  surface  and  base  were  the  result  of 
consolidation  or  distortion,  or  a  combination 
of  the  two,  is  not  definitely  known.  Initially, 
it  was  believed  that  such  deformations  in  the 
granular  base  were  the  result  of  consolidation. 
However,  little  or  no  evidence  in  support  of 
this  belief  was  obtained  from  studies  of  the 
density  of  the  base  course  before  and  after 
its  being  loaded 
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Bearing  plate  relation  to  elastic  deflection 

Influence  of  the  size  of  bearing  plate  on  the 
elastic  deflection  produced  by  the  80-p.s.i. 
test  load  applied  on  the  pavement  surface  is 
shown  in  figures  13  and  14.  Data  shown  in 
these  figures  were  collected  from  part  b  of 
the  Repetitional  Test  for  the  different  pave- 
ment sections  consisting  of  3-inch  AC  surfaces 
plus  base  and  have  been  tabulated  in  column 
7  of  table  8a  of  reference  (3).  Figure  13 
illustrates  findings  for  the  pavement  structure 
and  figure  14  shows  data  for  the  subgrade. 
The  elastic  deflections  plotted  in  each  of 
these  figures  are  the  averages  of  two  or  more 
test  results.  Also,  for  each  test  the  deflection.-; 
are  averages  of  those  for  the  10th,  40th,  and 
75th  load  repetitions.  Each  plotted  point 
therefore  represents  the  average  of  a  relatively 
large  number  of  measurements.  Conse- 
quently, the  relations  established  are  better 
than  would  have  been  shown  if  the  elastic 
deflection  at  some  arbitrarily  selected  repeti- 
tion of  the  load  had  been  utilized.  The 
elastic  deflections  tended  to  be  somewhat 
erratic  during  about  the  first  rO  applications 
of  the  test  load,  after  which  the  deflections 
remained  practically  constant. 

For  elastic  deflections  of  the  pavement  arid 
of  the  subgrade  (figs.  13  and  14)  of  less  than 
about  0.20  and  0.15  of  an  inch,  respectively, 
the  relations  were  well-defined  and  orderly. 
If  larger  elastic  deflections  were  ignored, 
straightline  curves  could  logically  be  drawn. 
Thus,  within  reasonable  limits  of  total  load 
applied  to  the  surface  of  the  pavement,  the 
elastic  deflections  of  the  entire  structure  or 
that  of  the  subgrade  alone  varied  as  a  near- 
linear  function  of  the  diameter  of  the  bearing 
plate.  But  it  was  evident  that  the  total 
applied  load  (80  p.s.i.  times  area  of  the  plate) 


caused  progressive  increases  in  elastic  defle 
tions  of  both  the  pavement  and  subgrac 
when  larger  bearing  plates  were  used  f< 
tests  on  a  pavement  structure  of  a  give 
thickness.  This  is  shown  in  figures  13  an 
1  I  by  the  progressive  increase  in  curvatui 
caused  by  increased  load  (larger  plates). 

Figures  11  and  12  represent  the  tw 
extremes  of  data  obtained  from  the  Repet 
tional  Tests.  Figure  11  shows  that  son: 
residual  movement  of  the  material  occurs 
each  time  the  load  was  applied  and  releasei 
And  figure  12  shows  that  the  subgrade  soi 
after  about  the  10th  application  of  loffl 
acted  in  an  elastic  manner;  that  is,  it  deflecte 
and  recovered  completely  as  each  load  w; 
applied  on  the  surface  of  the  pavement  an 
then  released.  From  similar  plots  prepaq 
for  each  of  the  tests  made  on  each  of  t! 
pavement  sections,  it  was  possible  by  inte 
polation  to  determine  the  approximate  mas 
mum  total  load  and  corresponding  plate  si 
that  did  not  produce  progressive  permanej 
movement  of  the  subgrade.  These  detf 
minations  and  the  resultant  elastic  deflcctk 
of  the  subgrade  are  listed  in  table  3. 


Table!  3. — Permissible  subgrade  elastic  d« 
flection  and  corresponding  total  loads  fi 
pavement  sections  of  3-inch  AC  plus  ha 


Pavement 
structure, 

thickness 

Plate 
diameter 

Total  load, 

80-p.s.i 

unit,  load 

Permissible  j 
subgrade 

elastic 
deflection 

Incites 

9 

15 

21 

27 

Inches 

8 

14 

22 

31 

Pounds 
4, 020 
12, 320 
30.  400 
00, 300 

Inches 

0.034 

.054 

.076 

.101 
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Figure  20. — Load-elastic  deflection  curves 
for  3-inch  AC  surface  plus  base  pavements 
and  for  same  bases  with  surface  removed, — 
80-p.s.i.  test  load — Accelerated  Test. 


As  the  subgrade  elastic  deflections  shown  in 
;able  3  were  caused  by  the  maximum  allow 
ible    load    for    the    selected    criterion,    non- 
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Figure  21. — Load-elastic  deflection  curves 
for  6-inch  AC  surface  plus  base  pavemen  ts 
and  for  same  bases  uith  surface  removed — 
80-p.s.i.  test  load — Accelerated  Test. 
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progressive  movement  of  the  subgrade,  they 
are  referred  to  as  the  maximum  permissible 
subgrade  elastic  deflections.  The  maximum 
permissible  subgrade  elastic  deflections  for 
each  of  the  pavement  sections  consisting  of 
3-inch  AC  surface  plus  base  have  been  plotted 
in  figure  14.  The  resultant  plot  is  a  straight 
line.  Note  that  as  the  plate  size  and  AC- 
surface-plus-base  thickness  was  increased,  the 
permissible  subgrade  elastic  deflection  also 
increased.  For  the  range  in  pavement  struc- 
tures tested  (from  3-inch  AC  surface  plus 
6-inch  base  to  3-inch  AC  surface  plus  24-inch 
base)  the  permissible  subgrade  elastic  deflection 
increased  threefold  from  0.034  to  0.101  of  an 
inch. 

Load-pavement  thickness  relations 

The  relations  between  size  of  test  plate  and 
pavement  thickness  shown  in  figure  15  were 
developed  directly  from  data  illustrated  in 
figure  14.  The  important  influence  of  sub- 
grade  deflection  on  the  load-thickness  relation 
is  shown  clearly  in  figure  15.  For  elastic 
deflections  of  0.025,  0.050,  and  0.100  of  an 
inch,  the  relations  of  size  of  bearing  plate 
(load)  to  required  thickness  of  pavement  were 
linear.  However,  for  the  permissible  sub- 
grade  deflections  indicated  by  the  intersection 
points  of  the  dashed  line  in  figure  14,  the 
relation  departed  somewhat  from  a  straight 
line.  The  load  and  related  pavement  thick- 
nesses have  been  plotted  in  figure  16.  The 
resultant  curve  shows  the  total  load-pavement 
thickness  relation  developed  by  the  method 
described;  that  is,  it  was  based  on  non- 
progressive movement  of  the  subgrade  be- 
tween about  the  10th  and  the  75th  repetition 
of  an  80-p.s.i.  unit  load  applied  on  the  surface 


of  the  3-inch  AC-surface-plus-base  pavement 
structure.  This  curve  primarily  illustrates 
the  type  of  information  that  can  be  developed 
from  data  obtained  by  the  Repetitional  Test. 
The  equation  of  the  curve  is 

T=  5.2  L°< 

where  T  equals  pavement  structure  thick  i 
in  inches,  and  L  represents  the  total  load  in 
kips.  The  curve  of  load  and  pavement 
thickness  is  parabolic  and  indicates  that  the 
thickness  varied  as  the  0.4  power  of  the  total 
load. 

Figure  17  shows  a.  series  of  total  load- 
deflection  curves  for  80-p.s.i.  unit  loads  applied 
to  the  surface  of  the  3-inch  AC  surface  plus- 
base  sections.  For  data  tabulations  see 
columns  5  and  7  of  table  8a  in  reference  (3). 
The  curves  in  the  upper  section  of  figure  17 
apply  to  the  elastic  deflection  of  the  pavement 
as  a  whole,  and  those  in  the  lower  section 
apply  to  that  of  the  subgrade  alone.  The 
deflections  shown  are  the  average  of  those 
obtained  from  the  10th,  40th,  and  75th 
applications  of  the  load.  These  curves 
demonstrate  that,  in  this  type  of  test,  the 
magnitude  of  the  elastic  deflection  of  either 
the  entire  pavement  structure  or  of  only  the 
subgrade  varied  as  a  linear  function  of  the 
total  applied  load.  The  elastic  deflections  of 
the  pavement  corresponding  to  the  permis- 
sible subgrade  elastic  deflections  are  repre- 
sented by  the  triangular  symbol  in  the  upper 
part  of  figure  17.  These  deflections  were 
0.052,  0.074,  0.112,  and  0.167  of  an  inch  for 
the  6-,  12-,  18-,  and  24-inch  bases,  respec- 
tively. In  the  lower  part  of  figure  17,  the 
corresponding    permissible    subgrade    elastic 
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Figure  22. — Load-elastic  dpflection  curves  for  9-inch 
AC  surface  plus  base  pa  rements  and  for  same  bases 
with  surface  removed — 80-p.s.i.  test  load — Acceler- 
ated Test. 
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Figure  23. — Load-pavement  thickness  curves  for  surface  course  plus  base 
pavements  and  for  same  bases  with  surface  removed — 80-p.s.i.  test  load — 
Accelerated  Test. 


deflections,  0.034,  0.054,  0.076,  and  0.101  of 
an  inch,  also  are  indicated  by  the  triangular 
symbol.  The  difference  between  each  pair  of 
deflections  for  a  given  load  represents  the 
movement  that  occurred  within  the  3-inch 
AC  surface  plus  base.  The  lines  connecting 
the  data  represented  by  triangular  symbols 
in  each  part  of  the  figure  are  somewhat 
curved. 

In  figure  18,  the  permissible  elastic  deflec- 
tions of  the  subgrade  for  the  3-inch  AC 
surface  plus-base  pavement  have  been  plotted 
against  the  overall  thicknesses  of  pavement. 
The  permissible  elastic  deflection  of  the  sub- 


grade  for  any  overall  thickness  of  pavement, 
from  9  to  27  inches  inclusive,  for  a  unit  load  of 
80  p.s.i.  can  be  obtained  from  this  plot. 
Although  the  line  drawn  through  the  plotted 
points  has  a  slight  curve,  for  practical  purposes 
the  data  could  be  represented  by  a  straight 
line  drawn  through  the  origin.  This  straight 
line  could  ihan  be  used  for  extrapolating  to 
thicknesses  of  pavement  less  than  9  inches  or 
more  than  27  inches. 

In  figure  19  relations  of  total  load  to  elastic 
subgrade  deflection  are  shown  for  the  three 
thicknesses  of  surfaces — 3-,  6-,  and  9-inch 
AC — on     the      18-inch     base     course.     Also 
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Figure  24. — Comparison  of  total  loads    supported  by  pavements  of  different 
thicknesses  and  composition — 80-p.s.i.  test  load — Accelerated  Test. 
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shown  are  similar  curve  relations  develop* 
from  tests  made  directly  upon  the  18-in< 
base  course  beneath  each  of  the  three  this 
nesses  of  surface.  Again,  the  data  wej  : 
derived  from  part  b  of  the  Repetitional  Tes 
and  the  tabulations  are  in  reference  (S). 

Because  of  the  limited  number  of  tes 
made  on  the  6-inch  and  9-inch  AC  surfad 
and  directly  on  the  18-inch  base  course, 
was  impossible  to  arrive  at  the  probable  sa 
load  for  these  pavement  sections  on  a  basis 
the  actual  performance  of  the  subgrade  ! 
was  done  for  the  3-inch  AC  pavement  section 
However,  an  estimate  of  the  load-carryir 
capacity  of  these  sections  can  be  made  on  tl 
assumption  that  the  relation  between  pav 
ment  thickness  and  permissible  elastic  defle 
tion  of  the  subgrade  for  the  3-inch  AC  surfa 
(fig.  18)  applies  also  to  the  total  pavemei 
thicknesses  for  the  curves  shown  by  solid  lim 
in  figure  19.  The  dashed  line  in  each  bloc1 
of  figure  19  was  drawn  through  the  poin 
established  on  this  assumption.  The  ind 
cated  loads  at  the  points  of  intersection  wi^ 
the  load-deflection  curves  were  32,000,  42,00 
and  58,000  pounds  for  the  pavements  consis 
ing  of  3-inch  AC  surface  plus  base,  6-inc 
AC  surface  plus  base,  and  the  9-inch  A 
surface  plus  base,  respectively.  And  the: 
indicated  loads  were  25,000,  28,000,  an 
26,500,  pounds  for  the  18-inch  base  beneal 
the  3-,  6-,  and  9-inch  AC  surfaces,  respective! 
These  loads  are  discussed  more  fully  later 
this  article. 

In  the  analysis  of  the  results  of  the  Accele 
ated  Tests,  the  different  designs  of  pavemei 
were  compared  on  a  basis  of  the  pavement 
ability  to  support  load  at  some  arbitrari 
selected  deflection — usually  the  gross 
elastic — of  the  pavement  and  of  the  subgrad 
The  development  of  the  permissible  subgrac 
elastic  deflection  from  the  Repetitional  Tes 
makes  it  possible  to  reexamine  the  Accelerate 
Test  data  by  utilizing  these  permissib 
elastic  deflections  as  a  criterion  of  load  suppor 
To  this  end,  the  curves  shown  in  figures  20,  2 
and  22  were  developed.  Those  in  figure  § 
were  developed  from  tests  made  on  the  3-inc 
AC  section  of  pavement,  both  upon  the  surfa< 
and  upon  the  base  after  removal  of  the  surfac 
Those  in  figures  21  and  22  were  developed  froi 
tests  made  on  the  sections  of  pavement  havin 
surface  thicknesses  of  6  and  9  inches 
spectively.  The  elastic  deflections  of  tl 
subgrade  for  a  unit  load  of  80  p.s.i.  used  in  tl 
development  of  the  curves  shown  in  figur 
20  and  21  were  obtained  directly  from  colun 
8  in  table  4  of  reference  (8).  The  total  loa< 
are  the  product  of  the  area  of  the  bearing  pla 
and  the  unit  load.  The  dashed  lines  (pe 
missible  subgrade  elastic  deflections)  interse 
the  individual  curves  at  deflections  corresponc 
ing  to  those  shown  by  the  curve  in  figure  ] 
for  the  pertinent,  pavement  structure  thic 
ness.  The  points  of  intersection  of  the  dashe, 
lines  and  the  load-deflection  curves  indical 
those  loads  that  the  sections  might  safely  ha\| 
supported  under  repetitive  loading  on  rigi 
plates. 

In  figure  23,  these  loads  have  been  plotted  i 
a  function  of  the  overall  thickness  of  pavemen 
The  resultant  curves  are  of  the  same  charactt 
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1>  i,s  those  developed  from  the  series  of  Itepe- 

k  itional  Tests  made  on  the  3-inch  AC  surface 

c  iilus-base  pavement  (fig.  16).     In  fact,  if  the 

f  urves  for  these  particular  pavement  sections 

fere  superimposed  over  those  shown  in  figure 

6,  a  remarkably  close   agreement  would  be 

ound  between  them.     As  for  the  data  from 

he  Repetitional  Tests,  the  data  in  figure  23 

Indicate  that  the  required  thickness  of  pave- 

aent  varies  as  an  exponential  function  of  the 

pplied    load — approximately    as    its    square 

'loot.     This  seemed  to  be  true  both  where  the 

ii  lavement  structure   consisted   of   a  range  in 

,:  hicknesses  of  surface  plus  base  and  where  the 

!>avement  structure  consisted  of  base  course 

done.     It  is  emphasized  that  the  load-pave- 

nent  relations   illustrated   in   figure   23   were 

>ased  upon  the  assumption  that  the  permis- 

ible     elastic     deflections     of     the     subgrade 

orresponded    to    those    developed    from    the 

iifcomprehensive  series  of  Repetitional  Tests  on 

he  3-inch  AC  surface  plus-base  pavement. 
Ml 

4 

Comparison  of  Accelerated  and 
Repetitional  Test  Data 

The  results  of  the  Accelerated  and  the  Repe- 
itional  series  of  load  tests  have  been  summa- 
(1  rized  in  figures  24  and  25.  In  figure  24  the 
somparisons  shown  are  of  the  same  general 
lature  as  those  shown  for  the  Accelerated 
rest  data  in  figure  10.  However,  the  total 
oads  shown  in  figure  24  were  obtained  from 
lata  in  figure  23  for  10-,  15-,  and  25-inch 
thicknesses  of  pavement  structure  and  are  for 
i  unit  load  of  80  p.s.i.  The  permissible 
Subgrade  elastic  deflections  are  also  shown, 
flie  deflections  were  obtained  from  the  rela- 
tions of  pavement  thickness  and  permissible 
■lastic  deflection  shown  in  figure  18. 

The  following  comments  pertain  to  the  data 
shown  in  figure  24.  Except  for  the  6-  and  9- 
nch  AC  surfaces  for  the  25-inch  total  pave- 
ment thicknesses,  the  granular  base  considered 
is  a  complete  structure  was  somewhat  more 
effective  in  supporting  a  given  load  without 
having  progressive  permanent  movement  of 
the  subgrade  than  was  an  equal  thickness  of 
pavement  that  consisted  of  either  3,  6,  or  9 
inches  of  surface  on  a  granular  base.  The 
differences  were  consistent  for  the  data  shown 
in  figure  24,  as  were  the  comparable  differences 
shown  in  figure  10. 

Comparisons 

Comparisons  for  as  many  as  possible  of  the 
results  of  the  Accelerated  and  Repetitional 
tests  have  been  shown  in  figure  25.  To  avoid 
undue  extrapolation  of  the  data,  these  com- 
parisons were  limited  to  pavement  thicknesses 
of  18,  24,  and  27  inches.  The  data  showed 
good  agreement  between  the  results  of  the  two 
series  of  tests  when  consideration  is  given  to 
the  fact  that  these  tests  were  made  a  year 
apart  and  the  testing  procedures  differed  ap- 
preciably. These  data  indicated  that  the  rela- 
tive effectiveness  of  the  different  pavement 
sections  to  protect  the  subgrade  was  similar 
to  that  shown  by  data  in  figure  24. 
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Figure  25. — Comparison  of  total  loads  supported  by  pavements  of  different 
thicknesses  and  composition — 80-p.s.i.  test  load — Accelerated  and  Repeti- 
tional Tests. 


Elastic  deflection-load  relations 

The  elastic  deflections  of  the  different  pave- 
ment components  have  been  discussed  pre- 
viously. It  was  pointed  out  that  the  magni- 
tude of  the  elastic  deflection  of  the  entire 
pavement  structure,  or  that  of  the  base  plus 
subgrade,  or  that  of  the  subgrade  alone  was 
practically  constant  throughout  the  period  of 
application  and  release  of  the  80-p.s.i.  load-. 
Substantiating  evidence  for  this  conclusion  has 
been  presented  in  figures  26  and  27  from  the 


results  of  part  6  of  each  of  the  Repetitional 
Tests  made  on  the  3-inch  AC  surface  plus-base 
pavement.  The  data  are  tabulated  in  column 
6  of  table  8a,  reference  (3).  The  elastic  de- 
flections of  the  pavement  and  subgrade  have 

I n  shown  in  figures  2(i  and  27,  respectively, 

as  a  function  of  the  number  of  load  repetitions. 
Generally,  for  the  smaller  plates  and  smaller 
loads,  the  deflections  were  practically  constant 
but  for  the  larger  plates  and  greater  loads 
there  was  a  tendency  for  the  magnitude  of  the 
elastic  deflection  to  increase  somewhat  during 


Table  4. — Comparison  of  vertical  movements  of  pavement  components  and  subgrade 


Pavement,  structure. 


Plate  diameter  ' inches. 

Total  load,  at  80-p.s.i.  unit  load kips. 


Test  conditions- 


3-inch  AC  plus 
6-inch  base. 


4.0. 


3-inch  AC  plus 
12-inch  hase. 


14... 
12.3. 


3-inch  AC  plus 
18-inch  base. 


22. . . 
30.4. 


3-inch  AC  plus 
24-inch  base. 

31 

60  l 


ELASTIC  DEFLECTION 
(Averages  of  10th,  40th,  and  75th  load  applications) 


Component 

AC  surface 

Base 

Subgrade 

Entire  pavement,  structure. 


Inches 

Percent 

I  ii  ehc. i 

Percent 

Inches 

I'i  ret  nl 

Indus 

0.008 

16 

n  mis 

11 

II      UK 

14 

0.039 

.010 

19 

.012 

16 

.020 

18 

.027 

.034 

65 

.  054 

73 

.076 

68 

.  101 

.052 

100 

.074 

100 

.  1 12 

1011 

.  167 

Percent 

23 

16 

61 

100 


GROSS  DEFLECTION 

(at  75th  load  application) 


AC  surface 

Base 

Subgrade 

Entire  pavement  structure. 


0.070 

22 

0.099 

31 

0.098 

28 

0.112 

.152 

4K 

.  130 

41 

.132 

37 

.  170 

.  01(4 

30 

.  090 

28 

.122 

35 

.  140 

.316 

100 

.319 

100 

.352 

100 

422 

27 
40 
33 
100 


RATIO  OF   ELASTIC   TO   CROSS   DEFLECTION 


AC  surface 

Base 

Subgrade 

Entire  pavement  structure. 


11 

7 
36 

16 


60 
23 


16 
15 
62 
32 


35 
16 
72 
39 


i  Plate  size,  obtained  by  interpolation,  that  caused  nonprogressive  movement  of  the  subgrade. 
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Figure  26. — Effect  of   load  repetitions   on  elastic 
deflection  of  pavement — 80-p.s.i.  test  load. 
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Figure  27. — Effect  of  load  repetitions  on  eltistic  de- 
flection of  sub  grade — 80-p.s.i.  test  load. 


the  first  10  repetitions  of  the  load.  With  very- 
few  exceptions,  the  deflections  remained  es- 
sentially constant  during  succeeding  repeti- 
tions of  load.  The  differences  between  the 
deflections  presented  for  the  pavement  in 
figure  26  and  for  the  subgrade  in  figure  27 
represent  the  magnitude  of  the  elastic  move- 
ment that  occurred  within  the  surface  plus 
base. 

Vertical  movement 

The  method  developed  for  measuring  the 
vertical  movements  occurring  at  different 
levels  in  the  pavement  structure  provided 
data  for  many  ways  of  studying  the  elastic 
and  gross  deflections  of  the  separate  com- 
ponents. For  example,  in  figures  28  and  29, 
n  spectively,  the  elastic  and  gross  deflection 
measurements  have  been  plotted  against  the 
diameters  of  the  test  plate  for  the  entire 
pavement,  the  base  plus  the  subgrade,  and 
the  subgrade  alone.  The  differences  between 
the  deflections  shown  in  each  of  the  two  upper 
curves  in  each  block  of  the  figures  represent 
the  deflections  that  occurred  within  the 
3-inch  AC  surface.  The  difference  between 
the  two  lower  curves  in  each  block  represents 
the  deflection  that  occurred  within  the 
granular  base.  The  elastic  deflections  of 
the  supporting  subgrade  itself  are  shown 
directly  by  the  lowest  curve. 

The  heavy  vertical  lines  drawn  through 
the  three  curves  in  each  block  of  figures  28 
and  21)  designate  Hie  maximum  size  of  plate 
that  did  not  produce  progressive  permanent 
movement  of  the  subgrade  when  loaded  on 
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the  pavement  surface.  These  plate  sizes 
were  obtained  by  interpolation  or  extrapola- 
tion (table  3).  The  relation  between  plate 
diameter    and    elastic    and    gross    deflections 


shown  by  the  curves  in  these  figures  indicates 
that,  for  loads  applied  on  the  pavement 
surface,  the  major  portion  of  the  elastic  de- 
flection occurred  in  the  subgrade  and  that  the 
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Figure  28. — Relation  between  size  of  bearing  plate  and  elastic  deflection  of  the  pavement, 
the  base  plus  subgrade,  and  the  subgrade  alone — 80-p.s.i.  test  load. 
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Table  5. — Effect  of  temperature1  of  the  surface  course  on  the  load-bearing  capacity  of  the 

test  sections 


Pavement  section  and  time  of  test 

Total  load,  thousands  of  pounds,  for— 

0.08-inch  elastic  deflection  of  sub- 
grade  and  overall  thickness  of — 

0.40-inch  gross  deflection  of  struc- 
ture and  overall  thickness  of— 

10  inches 

15  inches 

25  inches 

10  inches 

15  inches 

25  inches 

Base  course,  beneath  3-inch  AC: 

Spring -.  -- 

3-inch  AC  plus  base: 

17.6 
14.5 

19.9 
12.7 

23.5 
17.6 

24.9 
14.9 

25.8 
21.7 

28.5 
19.0 

31.7 
24.4 

34.4 
20.4 

50.2 
43.0 

52.  0 

37.  1 

54.3 
45.2 

57.0 
39.4 

28.9 
29.0 

33.9 

28.  1 

36.  2 

28.  5 

36.2 

20.7 

39.4 
39.4 

43.9 
36.2 

45.7 
37.6 

45.7 
33.9 

64.  2 
64.2 

67.  9 

57.5 

67  9 
62.  0 

67.9 
53.4 

6-inch  AC  plus  base: 

Spring 

Summer _ 

9-inch  AC  plus  base: 

Approximate  temperature  range  of  AC  surface: 
Spring,  40°  to  50°  F. 
Summer,  75°  to  95°  F. 
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deflection  of  the  different  component  combina- 
tions tended  to  vary  as  a  linear  function 
the  diameter  of  the  bearing  plate  for  the  rai 
in  plate  sizes  shown.  For  the  pavements 
with  6-  and  12-inch  bases  (upper  blocks  in 
figs.  28  and  29)  the  curves,  representing  move- 
ment of  the  entire  pavement  structure  and 
of  the  base  plus  subgrade,  are  practically 
parallel.  This  indicates  that  the  movements 
within  the  AC  surface  remained  constant  as 
the  plate  size  (load)  was  increased.  However, 
the  curves  for  the  base  plus  subgrade  and  the 
subgrade  alone  tend  to  diverge  as  the  plate 
size  was  increased,  indicating  that  the  greater 
the  load  the  greater  the  movements  within 
the  granular  base  For  (he  IS-  and  24-inch 
base  courses  all  the  curves  tend  to  diverge  ;is 
plate  size  was  increased. 

Data  in  table  4  show  the  elastic  and  gross 
deflections  of  each  component  of  the  pavement 
and  of  the  entire  pavement  structure.  The 
portion  of  the  total  movement  that  occurred 
in  each  component,  expressed  in  percentages, 
is  also  shown.  The  data  listed  are  for  I  lie 
four  plates — 8,  14,  22,  and  31  inches  in 
diameter — that  were  selected  as  representing 
the  maximum  size  through  which  80-p.s.i. 
loads  could  be  applied  to  the  pavement  surface 
without  causing  progressive  permanent  move- 
ment in  the  subgrade.  The  ratios  of  the 
elastic  deflection  to  the  gross  deflection,  ex- 
pressed in  percentages,  are  also  listed  in  table 
4.  These  data  were  obtained  from  that  shown 
by  figures  28  and  20.  The  following  com- 
ments apply  to  these  data. 

•  Most  of  the  elastic  deflection  occurred  in 
the  subgrade.  About  I  he  same  portion,  70 
percent,  occurred  in  the  subgrade  for  each  of 
the  tests  made  with  the  four  combinations  of 
load  and  design  for  which  results  were  tabu- 
lated. About  half  of  the  remaining  percent- 
age  of  deflections  occurred  in  the  AC  surface 
and  half  in  the  base. 

•  The  gross  deflection  occurring  in  each  of 
the  components  was  more  evenly  divided  than 
the  elastic  deflect  ion ;  about  30  percent  oc- 
curred in  both  the  AC  surface  and  the  sub- 
grade,  and  about  40  percent  in  the  base. 
These  percentages  were  about  the  same  for 
each  of  the  load-design  combinations. 

•  The  ratios  of  elastic  to  gross  deflection 
indicate  that  by  far  the  major  portion  of  the 
total  vertical  movement  was  permanent.  For 
the  6-inch  base  section,  only  11  percent  of  the 
movement  occurring  within  the  3-inch  AC 
surface  was  elastic  and  only  7  percent  occur- 
ring within  the  base  was  elastic.  For  the 
24-inch  base  section,  the  corresponding  move- 
ment percentages  were  appreciably  greater, 
35  and  16  percent,  respectively.  The  behavior 
of  the  subgrade  was  markedly  more  elastic 
than  that  of  the  AC  surface  and  base,  the 
range  in  ratios  of  elastic  to  gross  deflection 
being  36  to  72  percent. 

MISCELLANEOUS  TESTS 

Effect  of  Bearing  Plate  Size  Under 
Cotislant  Total  Load 

In  connection  with  the  program  of  Repeti- 
tional  Tests  a  limited  study  was  made  of  the 
effect  that  the  size  of  bearing  plate  had  on  the 
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Figure  31. — Relation  between  unit  load  and  size  of  bearing  plaU 
for  0.05-inch  elastic  deflection  of  the  pavement  and  subgrade— 
3-inch  AC  surface  pins  12-inch  base. 


Figure  30. — Relation  between  unit  load  and  elastic  deflection  for 
a  total  load  of  21). 321)  pounds  on  bearing  plates  9  to  42  inches  in 
diameter — 3-inch  AC  surface  plus  12-inch  base. 


pavement  structure  when  the  repetitiously 
applied  total  load  was  held  constant.  The 
tests  were  confined  to  the  3-inch  AC  surface 
plus  12-inch  base  section.  As  for  the  regular 
series  of  Repetitional  Tests,  the  plates  ranged 
in  size  from  9  to  12  inches  in  diameter  and  the 
unit  load  was  80  p.s.i.  The  total  load  was 
20,320  pounds,  which  is  the  equivalent  of  an 
80-p.s.i.  load  applied  to  a  plate  18  inches  in 
diameter. 

The  data  obtained  from  these  tests  are  pre- 
sented in  columns  5  and  7  of  table  8b  of  refer- 
ence (3)  and  are  shown  here  in  figures  30  and 
31.  In  figure  30,  unit  loads  have  been  plotted 
against  the  elastic  deflections  (average  of  10th, 
40th,  and  75th  load  repetition)  of  the  entire 
pavement  structure,  and  of  the  subgrade  alone. 
In  figure  31,  the  unit  loads  have  been  plotted 
as  a  function  of  tin-  diameter  of  tlie  test  plate 
for  0.05  of  an  inch  elastic  deflection  of  the 
subgrade  and  0.05  of  an  inch  elastic  deflection 
of  the  pavement  structure. 

In  figure  30,  the  test  plate  diameters  and 
corresponding  unit  loads  for  the  two  extreme 
pairs  of  data  (the  points  plotted  at  the  ends 
of  the  curves)  shown  respectively  are  42  inches 
and  15  p.s.i.,  and  9  inches  and  320  p.s.i.  The 
curves  show  that,  for  a  20,320-pound  total 
load,  an  increase  in  unit  load  from  15  p.s.i. 
to  100  p.s.i.  caused  a  more  marked  increase 
in  elastic  deflection  than  an  increase  from  100 
to  320  p.s.i.  The  unit  load-plate  size  curves 
in  figure  31  show  clearly  the  importance  of  the 
size  of  test  plate,  particularly  the  smaller 
plates.  The  unit  loads  decreased  at  a  de- 
creasing rate  as  the  diameter  of  the  plate  was 
increased  up  to  42  inches. 

Effect  of  Temperature  of  AC  Surface 

As  previously  stated,  in  studying  the  ability 
of  pavements  of  the  flexible  type  to  support 
load  applied  through  rigid  plates,  it  was  neces- 
sary to  control  the  temperature  of  the  bitu- 
minous surface,  particularly  when  the  dif- 
ferent test  sections  were  made  up  of  several 
different  thicknesses  of  the  surfacing  material. 
Information  on  the  effects  of  temperature  of 
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the  bituminous  surface  was  obtained  from 
several  series  of  special  tests.  One  study  was 
made  during  the  spring  months.  I'sing  the 
12-  and  24-inch  diameter  plates,  load  tests 
were  made  on  the  3-,  6-,  and  9-inch  AC  sur- 
faces of  the  (i-,  12-,  and  24-inch  base  sections 
and  also  directly  on  the  base  course  of  these 
three  sections  beneath  the  3-inch  AC  surface. 
The  procedure  used  for  loading  was  similar 
to  that  used  in  part  a  of  the  Accelerated  Test; 
that  is,  application  and  release  was  made  of 
three  separate  load  increments,  each  one  time 
only.  The  data  from  these  tests  are  presented 
m  table  6  of  reference  (3).  Comparisons  of 
the  data  obtained  in  the  spring  tests  with 
those  obtained  from  similar  tests  marie  during 
the  summer,  table  4,  reference  (3)  have  been 
presented  in  table  5  and  in  figure  32. 

The  results  on  the  effect  of  temperatures 
shown  in  table  5  are  for  those  obtained  in 
tests  made  only  with  the  24-inch  diameter 
plate.  Total  loads  are  shown  for  three  overall 
thicknesses  of  pavement,  for  the  base  beneath 
the  3-inch  AC  surface,  and  for  the  3-,  6-, 
and  9-inch  AC  surface  plus  base  for  the  spring 
and  summer  testing  periods.  Comparisons  of 
the  data  obtained  during  the  two  periods  of 
testing  are  shown  by  figure  32.  Unit  loads 
for  the  two  periods  have  been  plotted  for  the 
12-  and  24-inch  diameter  plates.  The  devi- 
ation of  the  points  from  the  line  of  equality 
shows  the  extent  to  which  the  loads  differed. 
The  following  comments  concern  the  data 
obtained  in  these  tests. 

•  On  the  basis  of  a  subgrade  elastic  deflec- 
tion of  0.08  inch,  the  base  course  beneath 
the  3-inch  AC  surface  was  somewhat  more 
effective  in  the  spring  than  in  the  summer 
(fig.  32).  The  same  result  can  lie  shown 
when  the  gross  deflection  of  the  pavement 
structure  is  used  as  the  criterion.  On  the 
basis  of  both  elastic  deflection  of  the  subgrade 
and  gross  deflection  of  the  pavement,  the 
effect  of  the  presence  of  the  AC  surface  on  the 
base  course  was  much  more  pronounced  in  the 
spring  than  in  the  summer. 


Effect  of  Surcharge 

Reference  was  made  previously  to  the  fact 
that  the  indicated  resistance  to  load  of  the 
base  course  of  the  various  pavement  section 
was  somewhat  less  beneath  the  thin  bitu- 
minous surface  than  beneath  the  thicker  ones. 
Initially  it  was  believed  that  this  was  due  p 
the  weight  of  the  overlying  material  or  sur 
charge  effect  of  the  surfacing  material.  A 
limited  series  of  preliminary  tests  to  study  t  In 
effect  of  surcharge  was  made  on  the  base  coursi 
and  on  the  subgrade  of  an  auxiliary  test 
pavement:  the  results  failed  to  indicate  any 
effect  of  surcharge. 

The  matter  was  studied  further  in  a  sub 
sequent  series  of  tests  made  on  the  oval 
track  pavement.  Curves  are  shown  in  figurei 
33  for  tests  on  the  base  course  and  for  tests 
on  the  subgrade.  The  data  from  these 
tests  do  not  appear  in  reference  (3).  In 
both  cases,  the  unit  load  was  related  to  the 
elastic  deflection  of  the  subgrade.  In  the 
nonsurcharge  tests  the  overlying  components 
were  removed  from  an  area  having  a  diameter 
three  times  that  of  the  bearing  plate.  In 
the  surcharge  tests  the  normal  procedure  foi 
testing  the  base  course  and  the  subgrade  \\  a 
employed,  that  is,  the  opening  in  the  pavemenl 
was  just  sufficient  to  accommodate  the  plate 

In  the  tests  on  the  18-inch  base  in  which 
the  18-inch  diameter  plate  was  used,  the 
curves  indicate  some  beneficial  effect  of  the 
presence  of  the  9-inch  AC  surfacing,  whereas 
the  results  from  the  tests  made  with  thd 
same  plate  on  the  24-inch  base  indicated  no| 
effect  whatever.  Little  influence  of  surcharge 
was  indicated  by  the  results  of  tests  made  on 
the  12-inch  base.  In  the  tests  on  the  6-inch 
base,  the  data  actually  indicated  that  the 
surcharge  load  had  a  detrimental  effect. 

The  tests  on  the  subgrade  were  made  with 
the  12-  and  24-inch  diameter  plates  beneath 
the  pavement  sections  consisting  of  the 
3-inch  AC  surface  plus  the  18-inch  base. 
Little  influence  of  surcharge  was  evident  in 
results  of  tests  made  with  the  larger  of  the 
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wo  plates.  However,  some  detrimental 
•fleet  of  surcharge  was  indicted  in  tests 
nade  with  the  12-inch  plate;  these  effects 
vere  similar  to  the  effect  of  tests  made  with 
he  18-inch  plate  on  the  6-inch  base  beneath 
he    9-inch    AC    surface 

It  was  noted  previously  that  the  base 
curses  showed  greater  resistance  when 
ested  beneath  the  thick  AC  surfaces  than 
hey  did  when  tested  beneath  the  thin  AC 
urfaces.  The  results  of  the  limited  series  of 
lonsurcharge  tests  did  not  provide  an 
xplanation  for  this  finding.  In  general, 
'.he  data  indicated  no  important  effect  of 
urcharge. 


[isplialtic  Concrete  Surfaces  Laid  on 
Subgrade 

In  addition  to  the  test  sections  listed  in 
able  1  and  shown  in  figure  1,  a  section  50 
eet  in  length  was  constructed  of  6  inches  of 
isplialtic  concrete  laid  directly  upon  the 
ubgrade  soil  at  one  end  of  the  north  tangent. 
\  few  plate-bearing  tests  were  made  on  this 
section  during  the  same  period  of  time  the 
)ther  tests  were  made  on  the  regular  test 
sections.  The  results  of  these  few  tests, 
lthough  neither  consistent  nor  conclusive, 
,vere  considered  of  sufficient  interest  to 
ustify  the  construction  of  three  additional 
sections;  each  section  was  12  by  150  feet  in 
ize.  Asphaltic  concrete  3,  6,  anil  12  inches 
;  hick,  respectively,  was  placed  directly  on 
he  subgrade  soil  in  these  test  sections  located 
3ii  the  south  tangent. 

Accelerated  Tests  were  made  on  the  three 
special  sections  of  pavement.  The  bearing 
plates  used  were  12,  18,  24,  and  30  inches  in 
diameter.  Replicate  tests  were  made  with 
ach  plate  on  the  surface  and  with  the  30-inch 
plate  on  the  subgrade  after  removal  of  the 
urface.  Data  from  these  tests  are  presented 
in  columns  4  and  8  of  table  7  in  reference  (3) 
and  are  shown  in  figure  34.  The  averages 
of  the  unit  loads  for  the  replicate  tests  have 
been  plotted  as  a  function  of  the  thickness  of 
the  AC  surface.  The  three  separate  groups  of 
curves  apply  to  an  elastic  deflection  of  the 
subgrade  of  0.08  of  an  inch,  an  elastic  deflection 
of  the  pavement  (AC  plus  subgrade)  of  0.08 
of  an  inch,  and  a  gross  pavement  deflection 
(AC  plus  subgrade)  of  0.40  of  an  inch.  Also 
shown  are  the  data  from  tests  made  with  the 
30-inch  diameter  plate  directly  on  the  sub- 
grade  (zero  pavement  thickness)  beneath 
each  of  the  three  thicknesses  of  pavement. 
These  data  are  tabulated  in  columns  1  and 
5  of  table  7  in  reference  (.3).  The  following 
comments  pertain  to  these  data. 

•  Tests    made    with    the    12-    and    18-inch 
i diameter  plates  indicated  a  definite  increase 

in  load-carrying  capacity  as  the  AC  surface 
thickness  was  increased  from  0  to  3,  to  6,  and 
to  12  inches. 

•  The  curves  for  the  24-  and  30-inch  plates 
show  that  little  or  no  increase  occurred  in 
the  load  supported  by  the  thicker  surfaces. 
In  fact,  sometimes  a  slight  decrease  was 
indicated  in  the  unit  load  supported. 

•  The  bearing  capacity  of  the  subgrade  of 
the    12-inch   AC  section   was  about    10   p.s.i. 
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greater  than  that  for  the  3-inch  AC  surface, 
and  that  of  the  6-inch  AC  surface  was  between 
the  other  two. 

Plate  Bearing  Tests  on  Subgrade 

Several  series  of  plate  hearing  tests  were 
conducted  to  obtain  a  measure  of  the  bearing 
capacity  of  the  subgrade  soil  of  both  the 
north  and  the  south  tangents.  Two  proce- 
dures weii'  employed,  namely,  the  Incremen- 
tal-Repetitional     Test     and     the     Accelerated 


Test.  The  data  from  the  first  test  procedure 
are  presented  in  table  3  of  reference  ( 3). 
Tests  were  made  directly  on  the  subgrade, 
after  the  overlying  courses  had  been  removed, 
a-  described  in  the  following  paragraphs. 

•  Two  series  of  tests  were  made  in  test 
section  1  (table  1)  with  plates  12,  18,  24,  and 
30  inches  in  diameter. 

•  One  series  of  tests  was  made  in  tesl 
sections  1,  2,  3,  and  4  with  the  plate  30 
inches  in  diameter. 


.20 


TESTS  ON  BASE,  18-INCH  Dl  AMETERnTEST 
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Figure  33. — Effect  of  surcharge  based  on  elastic  deflection  of  the  subgnulc. 


137 


4  6  8 

PAVEMENT   THICKNESS  — INCHES 

D  -  TEST  ON  SUBGRADE-,  3-  IN.  AC  REMOVED 

A   -  TEST  ON  SUBGRADE;  6- IN.  AC  REMOVED 

X    -TEST  ON  SUBGRADE-,  12- IN.  AC  REMOVED 

ENCIRCLED  NUMBERS  INDICATE   TEST    PLATE   DIAMETER  IN    INCHES 

Figure  34. — Load-pavement  thickness  curves  for  sections  of  AC  sur- 
face laid  directly  on  the  sub-grade  soil  of  the  south  tangent. 


•  One  scries  of  tests  was  made  in  fcesl  section 
16  on  the  south  tangent.  Seven  bearing 
plates  whose  diameters  ranged  from  12  to 
84  inches  were  used.  The  three  larger 
bearing  plates  in  the  group — 42,  60,  and  84 
inches  in  diameter  -  were  precast,  circular 
concrete  blocks  that  were  12  inches  thick. 
The  other  four  plates  used  were  si  eel  plates 
having  diameters  of  12,  18,  21,  and  30  inches. 
The  8  inches  of  bank-run  gravel  surfacing  that 
had  previously  been  placed  on  the  soil  was 
removed  before  these  lests  were  made. 

The  deflection  data  from  the  Accelerated 
Test  presented  in  table  5  of  reference  (S) 
include  information  on  one  series  of  tests 
made  in  test  section  3  with  the  12-,  18-,  24-, 
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and  30-inch  plates;  and  for  one  *eries  of  tests 
made  in  test  sections  1,  2,  3,  and  1,  with  the 
30-inch  plate. 

Curves  in  figures  35  and  36  were  based  on 
data  from  the  plate  load  tests  made  on  the 
subgrade  soil  beneath  the  pavement  test 
sections  on  the  north  tangent.  See  tables  3 
and  5  of  reference  (3)  for  tabulations.  The 
unit  load  data  have  been  plotted  as  a  function 
of  the  diameter  of  the  bearing  plates  in  figure 
35  and  as  a  function  of  the  perimeter-area  ratio 
of  the  plates  in  figure  36.  The  data  were  plot- 
ted for  both  an  elastic  deflection  of  the  material 
of  0.08  of  an  inch  and  for  a  gross  deflection  of 
0.40  of  an  inch.  From  the  Incremental- Repeti- 
tional   Tests,   the   data   shown   for  results   of 


tests  made  with  the  30-inch  diameter  plat( 
are  the  average  of  results  of  20  tests  and  fot 
the  other  plates  the  average  of  results  o 
three  tests.  For  the  results  obtained  fron 
part  a  of  the  Accelerated  Test,  the  data  showi 
for  the  30-inch  plate  are  the  average  of  result; 
from  16  tests,  and  those  shown  for  the  othei 
plates  are  averages  of  results  from  two  tests. 

Size  of  test  plate 

The  curves  in  figures  35  and  36  indicate  thai 
the  size  of  the  test  plate  had  a  consistent  am 
orderly  effect  on  the  bearing  capacity  of  th< 
soil.  Curves  in  figure  35  tend  to  be  curvilinear 
and  those  in  figure  36  are  linear.  The  differ- 
ence between  the  relations  shown  by  thesf 
curves  and  obtained  by  the  two  test  proce- 
dures cannot  be  definitely  explained.  Part  c 
of  the  Accelerated  Test  provided  for  the  appli- 
cation and  release  of  the  three  load  increments 
one  time  only,  and  in  the  Incremental-Repeti- 
tional  Test  each  of  four  increments  was  applied 
and  released  five  times.  This  difference  ii 
procedure  might  have  accounted  for  some  dif- 
ference in  the  results  although  perhaps  not  tc 
the  extent  indicated  by  the  curves.  Also,  tin 
difference  might  partially  have  been  caused 
by  the  fact  that  the  Accelerated  Tests  wen 
made  on  the  subgrade  beneath  the  18-inch 
base  course  section,  and  the  results  of  all  tests 
made  on  the  subgrade,  as  well  as  on  the  pave 
merit  of  this  section,  provided  somewhat 
higher  loads  than  results  of  tests  on  the  6- 
12-,  and  24-inch  base  course  sections.  Mois 
ture  and  density  data  also  failed  to  account  foi 
these  findings. 

The  data  from  the  tests  made  on  the  sub 
grade  soil  of  the  south  tangent  are  shown  by 
curves  in  figures  37  and  38.  The  nature  of  the 
curves  is  the  same  as  that  of  curves  represent- 
ing results  of  the  tests  made  on  the  subgrade 
of  the  north  tangent.  Based  on  elastic  deflec 
tion,  the  load  results  were  slightly  higher  than 
those  obtained  from  tests  made  on  the  north 
tangent.  When  based  on  gross  deflection,  the 
load  results  for  tests  made  on  the  two  tangents 
were  practically  equal.  The  curves  in  figures 
35  and  37  indicate  that  the  ability  of  the  soil 
to  support  load  decreased  at  an  ever  diminish- 
ing rate  as  the  size  of  the  test  plate  was  in- 
creased up  to  the  maximum  size  used  in  thes< 
tests  (84  inches  in  diameter).  Linear  curve; 
in  figure  38  were  fitted  to  the  load  data  plottei 
as  a  function  of  the  perimeter-area  ratio  of  tin 
plates.  Although  some  of  the  points  deviated 
somewhat  from  the  curves  as  drawn,  undoubt 
edly  a  linear  load-deflection   relation   existed 

Values  based  on  elastic  deflection  were  com 
puted  for  the  soil  constant,  k,  from  the  load 
figures  for  the  30-inch  diameter  plate  plotted 
in  the  upper  part  of  figure  35.  Soil  constant 
values  of  200  and  183  pounds  per  cubic  inch 
respectively,  were  computed  from  results  of 
the  Accelerated  and  Inenmcntal-Repetitional 
Tests.  The  corresponding  soil  constant  value 
for  the  subgrade  soil  of  the  south  tangent  was 
208  pounds  per  cubic  inch.  Thus  it  can  be 
said  that  the  subgrade  soil  of  the  test  track, 
when  existing  with  a  moisture  content  of  about 
26  percent  and  a  dry  density  of  about  100 
pounds  per  cubic  foot,  had  a  /,•  value  of  about 
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Figure  36. — Load-perimeter  area  ratio  curves  for  In- 
creniental-Repetitional  and  Accelerated  Tests  on 
the  north  tangent  sub  grade  soil. 


!00  pounds  per  cubic  inch.     The  laboratory 
'BR  value  of  the  subgrade  soil  was  reported 
o  be  about  2  in  reference  (3). 
The    scheduled    program    of    Repetitional 

I  Tests  was  limited  to  tests  on  the  surface  and 
)ase  course  of  the  pavement  sections.  How- 
ver,  enough  tests  of  this  type  were  made  on 
Jae  subgrade  to  determine  whether,  under 
lirect  loading  with  comparatively  small  unit 
oads,  the  soil  w'ould  act  elastically  in  the  same 
nanner  as  when  the  load  was  transmitted  to 
t  through  the  pavement  structure.  Loads 
/arying  in  intensity  from  5  to  20  p.s.i.  were 
ipplied  repetitiously  through,  plates  having 
liameters  of  IS,  30,  and  42  inches,  respec- 
ively. 

In  these  Repetitional  Tests  on  the  sub- 
oxide, the  elastic  deflections  were  considerably 
ess  than  the  permissible  elastic  deflections 
hat  occurred  in  tests  on  the  pavement. 
Nevertheless,  in  no  instance  did  the  subgrade 
oil  attain  a  condition  of  completely  elastic 
jehavior  during  these  tests.  Each  applica- 
ion  of  the  load  produced  some  additional 
permanent  movement.  The  same  type  of 
difference  in  the  behavior  of  a  fine-grained 
oil  that  had  been  loaded  directly  through 
igid  plates  and  indirectly  through  a  pave- 
nent  structure  has  been  observed  previously 
(?').  Differences  in  the  elastic  behavior  of  the 
oil  are  believed  to  have  been  caused  by  the 
manner  in  which  the  load  was  distributed  to 
When   the  load   was   applied   directly    to 


the  subgrade  through  a  rigid  plate,  the  highest 
contact  pressure  occurred  around  the  periph- 
eral area  of  the  plate.  However,  when  the 
load  was  applied  to  the  subgrade  through  the 
pavement  structure,  the  contact  pressure 
tended  to  diminish  outward  from  a  maximum 
on  the  axis  of  loading. 

Application  of  the  Test  Data 

The  results  of  the  Repetitional  Tests 
indicated  that  a  limit  exists  as  to  the  amount 
of  repeated  deflection  that  fine-grained  sub- 
grade  soils  can  sustain  without  the  pavement 
suffering  progressive  movement  or  deforma- 
tion. Therefore,  application  of  test  data 
analyzed  in  this  article  to  the  design  of  new 
pavements  would  necessitate  the  determina- 
tion of  the  permissible  elastic  deflection  of 
the  soils  that  would  compose  the  subgrade. 
During  the  Hybla  Valley  investigation,  the 
soil  loaded  directly  through  rigid  plates 
never  developed  the  same  degree  of  elasticity 
that  the  test  indicated  occurred  when  the 
load  was  distributed  through  an  overlying 
pavement  structure.  The  design  of  pave- 
ments to  be  constructed  on  other  types  of  soils 
would  therefore  require  construction  and 
testing  of  trial  sections  to  determine  the 
elastic  deflection  of  the  subgrade  soil.  The 
necessity  for  construction  of  such  test  sections 
would  be  obviated  and  data  presented  here 
would  be  useful  if  some  type  of  load  bearing 


test  were  to  be  developed  by  which  the  same 
reaction  could  be  obtained  when  the  subgrade 
soil  was  tested  directly  as  when  it  was  tested 
by  having  the  load  distributed  through  the 
pavement  structure. 

Also,  if  the  data  presented  here  were  utilized 
in  pavement  designing,  it  would  be  necessary 
to  ascertain  whether  asphalt  pavements  in 
service  can  tolerate  without  undue  distress 
the  magnitude  of  elastic  deflections  listed  in 
table  4. 
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By  <   EDWARD   S.   BARBER, 
Highway  Research  Engineer - 


Stresses  caused  by  shear  loads  should 
be  considered  token  pavements  are  being 
designed,  according  to  information  pre- 
sented in  this  article.  Often,  only  the 
stresses  caused  by  normal  loan's  are 
considered  when  a  stress  analysis  is 
being  prepared  for  a  pavement  desigt}. 
Information  presented  in  this  paper 
shows  that  stresses  induced  when  ve- 
hicles stop  may  be  more  critical  than 
|  had  heretofore  been  realized,  anil  that 
under  static  vehicles  the  effective  vertical 
stress  is  increased  by  inward  acting 
shear  stresses  causeil  by  pneumatic  tires. 

Introduction 

STRESS  analysis  of  pavements  is  often 
based  on  normal  loads  alone;  however, 
:ertain  shear  loads  should  not  be  ignored, 
.n  this  article,  two  sources  of  applied  shear 
stresses  are  considered — those  produced  by 
i  pneumatic  tire  under  a  vertical  load,  and 
hose  caused  by  a  component  of  the  total 
oad  parallel  to  the  surface  of  contact,  which 
enerally  is  considered  to  be  horizontal. 

Conclusions 

From  the  information  presented  in  this 
[article,  it  is  concluded  that  stresses  caused 
by  static  loads  and  strong  horizontal  loading 
should  be  considered  when  a  flexible  pave- 
ment is  being  designed.  An  exact  analysis 
of  anticipated  stresses  must  include  considera- 
tion of  these  two  factors,  either  of  which  causes 
stresses  having  a  more  critical  effect  on  the 
bearing  capacity  of  a  pavement  than  stresses 
caused  by  a  vehicle  moving  at  constant 
velocity  along  a  horizontal  tangent.  Under 
the  static  load  exerted  by  pneumatic  tires, 
the  shear  stresses  often  cause  the  development 
of  a  critical  creep  of  the  pavement.  Critical 
stresses  in  a  pavement  also  are  greatly  in- 
creased and  the  bearing  capacity  greatly 
decreased  when  acceleration  or  deceleration 
of  a  vehicle  produces  strong  horizontal  load- 
ing components. 


1  Presented  at  the  International  Conference  on  Structural 
Design  of  Asphalt  Pavement,  University  of  Michigan, 
Ann  Arbor,  Mich.,  August  1962. 

2  Mr.  Barber  is  also  Associate  Professor  of  Civil  En- 
gineering at  the  University  of  Maryland,  College  Park,  Md. 

3  The  references  indicated  by  italic  numbers  in  parentheses 
are  listed  on  page  144. 
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Inward  Acting  Shear  Stresses 

When  a  vertical  load  is  applied  to  a  pneu- 
matic tire  on  a  horizontal  surface,  the  tensile 
prestress  in  the  tire  carcass  caused  by  the 
inflation  pressure  is  reduced,  and  shear  stresses 
acting  toward  the  center  of  the  loaded  area 
are  produced  on  the  surface  of  contact. 
These  shear  stresses  are  in  the  opposite 
direction  from  those  produced  under  a  solid 
rubber  tire  and  their  magnitude  may  be  as 
great  as  the  vertical  pressure;  this  was  shown 
by  Markwick  and  Starks  (7)3  and  by  Bonse 
and  Kulin  (.').  A  shear  force  applied  to  the 
surface  produces  interior  stresses  in  different 
directions,  including  vertical;  this  is  shown 
in  figure  1.  The  formula  presented  by 
Westergaard  (3)  is  for  a  homogeneous  isotropic 
elastic  material. 

The  shear  stresses  on  the  contact  area 
under  a  static  pneumatic  tire  can  be  considered 
to  be  made  up  of  rings  of  shear  stresses.  When 
a  ring  of  uniform,  inward  acting  shear  stresses 
is  considered  as  being  made  up  of  shear  loads 
on  infinitesimally  small  points,  the  formula 
in  figure  1  can  be  integrated  to  give  the 
formula  shown  in  figure  2.     Figures  3  and  4 


S=  SHEAR  FORCE 


Uk 


px  VERTICAL  NORMAL 
STRESS 


^x— 0 


3Sx}8 


2n(x2ty2+y)  5/2 


Figure  1.  —  ?  ertical  normal  stress  from 
applied  shear  force. 

show  graphs  of  vertical  normal  stresses  at 
several  points  from  a  ring  of  shear  stress 
calculated  from  this  formula.  Because  the 
applied  shear  stress  has  no  vertical  component, 
the  total  vertical  normal  stress  at  any  depth 
caused  by  shear  stress  is  zero.  The  total 
vertical  normal  stress  is  the  volume  between 
the  horizontal  axis  and  the  surface  that  is 
produced  by  rotation  of  any  one  of  the  curves 
shown  in  figure  3  about  the  vertical  axis. 
By  use  of  a  numerical  combination  of  con- 
centric rings,  the  vertical  normal  stresses 
produced  by  a  uniform  distribution  of  inward 


x  =  o-r  cos  6 
y  =  r  sin  0 


Surface-, 


s= shear  stress  on  ring 
per  unit  area 


PLAN 


From  formula  for  single  force, 


3 sadaj 2  y- 


U-r- 


PROFILE 


{a-r  cos  6)  d6 


p  =  Vertical 

I      normal  stress 


vertical  stress  transmitted  from  ring  is      *%'      2TT         7(a2-2ar  cos  6  +  r2cos2e  +  r2sin2e  +  22)    2 


|+A2+R2         __3sRAdA      /-n(H-cose)  d0 


Lett,nga/--A//=R,  Y=H   8  ^-^  =  J,     &  =  :     '-^=-    f 

y    *     '   *  R  2AR  i    n(2AR)5/2  J0        (J-cos0)5/2 


Integrating,  substituting  ^=  90  -  "/? 
and  rearranging, 


P,= 


sdA 


*  2n(ARr2(j2-D2y2/(i+j) 


[(J-D(J-H)K+(4JH-J2-3)EJ 


where  K  and  E  are  respectively  complete  elliptic  integrals  of  the  first  and  second  kinds 
with  modulus  (k)  equal  y2/(l+J).  


Figure  2. — Vertical  normal  stress  from  ring  of  inward  acting  shear  stress. 
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acting  shear  stresses  over  a  circular  area  have 
been  calculated;  these  calculated  vertical 
normal  stresses  are  shown  in  figure  5. 

Figure  6  shows  the  vertical  normal  stress 
under  the  renter  of  a  circular  area  to  which 
several  different  distributions  of  inward  acting 
shear  stresses  were  applied.  The  parabolic 
distribution  approximated  the  measured  ap- 
plied stresses  but,  for  simplicity,  a  uniform 
distribution  was  used  for  this  study.  Stresses, 
measured  by  McMahon  and  Yoder  (4)  and 
by  Foster  and  Fergus  (5),  under  vertically 
loaded  plates  approximated  those  that  were 
nbl  allied  by  the  applieat  ion  of  the  theory  of 
elasticity    in    which    only    vertically    applied 


loads  were  considered.  The  measured  stresses 
caused  by  vertically  loaded  pneumatic  tires 
generally  were  somewiiat  greater  than  those 
calculated  for  the  stresses  from  the  vertical 
load  alone.  Spangler  (6)  measured  vertical 
pressures  under  a  pavement  that  were  greater 
than  those  applied  at  the  surface.  The 
increase  in  vertical  stress  obtained  in  this 
study  when  the  inward  acting  shear  stresses 
were  included  in  the  calculation  is  shown  in 
figure  7.  Therefore,  the  increase  from  inward 
acting  shear  stresses  should  be  considered 
when  studies  are  made  of  the  effect  that 
pavement  thickness  has  on  transmitted 
stresses.     This  concentration  of  vertical  deflec- 


tion caused  by  shear  stresses  from  differen 
sources  has  been  reported  by  Barber  am 
Sawyer  (7)  and  is  illustrated  in  figure  8. 

Shear  Stresses  in  One  Direction 

Shear  stresses  in  one  direction  between  tin 
and  pavement  surface  may  be  produced  it 
several  wrays.  Tangential  forces  up  to  about 
10  percent  of  vertical  loads  may  be  produced  by, 
longitudinal  grades  or  superelevation.  The  ratie 
of  tangential  to  normal  loads  is  limited  by  the1 
coefficient  of  friction  between  tire  and  surface 
this  coefficient  often  reaches  0.8.  This  ratio1 
occasionally  is  reached  when  wind  acts  on  £ 


VERTICAL  NORMAL   STRESS    DIVIDED  BY   MAXIMUM    APPLIED   STRESS,  p^/s 


RADIUS  OF  RING  DIVIDED  BY  DEPTH,  7^  =  A 


Figure  I.  —  I  ertical  normal  stress  from  shear  on.  rings 
of  different  rami. 


Figure  6.  —  t  ertieal  normal  stress  under  center  of  different  inward 
shear  stresses  on  circular  area. 
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?ignre  8. — Measured  surface  displacements 
of  soil  under  different  types  of  equal 
vertical  loads. 

ehicle,  sometimes  is  reached  when  a  vehicle 
>  stopped,  and  may  be  reached  when  velocity 
f  a  vehicle  is  constant  on  a  horizontal  curve. 
)n  a  curve  having  a  75-foot  radius  and  no 
uperelevation,  a  vehicle  traveling  at  a  speed 
f  30  miles  per  hour  develops  a  horizontal 
orce  that  is  0.8  of  the  vertical  force.  In 
ddition  to  the  foregoing  factors  and  con- 
litions,  the  distribution  of  vertical  loads  is 
iffected  by  the  vehicle's  spring  oscillation. 
7igure  9  shows  interior  vertical  normal  and 
lorizontal  shear  stresses  caused  by  application 
o  a  circular  area  of  a  uniform  shear  stress  in 
ne  direction,  these  stresses  are  in  addition  to 
die  stresses  caused  by  the  applied  normal 
oads. 

The  stresses  shown  in  figure  9  were  derived 
rom  a  table  of  stresses  produced  by  a  uniform 
vertical  stress  on  a  circular  area   (8)   by  the 
elationships  given  in  the  following  statements. 
pv/s  =  the  component  of  horizontal  shear 
stress  in  the  direction  of  s,  divided 
by  the  applied  vertical  stress. 
sh/s  =  the    horizontal    normal   stress    (for 
Poisson's  ratio  =  0.5)    in  the  direc- 
tion of  s,   divided  by  the  applied 
vertical  stress. 
The  differences  in  the  maximum  stresses  on 
a   horizontal    plane    at    different    depths    are 
shown    in    figure    10.     The    horizontal    shear 
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Figure  9. — I,aleral  distribution   of  stresses  from    shear   stress   in 
one  direction  at  surface,  A/Z=l 
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.-(n-ss  is  an  important  factor  thai  affects  the 
stability  of  layered  systems,  and  its  effect 
should  be  considered  carefully  for  construction 
planned  at  locations  where  the  bond  between 
layers  may  be  critical. 

information  presented  in  the  foregoing 
paragraphs  should  be  useful  when  overstress 
of  a  few  points  musl  be  considered.  Bui 
when  the  overall  failure  of  a  pavement  is  to  be 


considered,  'lie  theory  of  plasticity  should  be 
used  to  calculate  the  bearing  capacity. 

The  effect  of  horizontal  load  components  on 
bearing  capacity  developed  by  Meyerhof  (9) 
is  shown  by  the  formula  in  figure  11;  this 
illustration  has  been  included  here  because  the 
values  shown  for  the  coefficient  of  friction  and 
its  function  might  apply  to  the  bearing 
capacity    of    bituminous    pavement    material. 


A  bearing  capacity  of  530  +  25  =  555  p.S' 
under  a  vertical  load  will  be  reduced 
132  +  0=132  p.s.i.  at  impending  skidding  of 
vehicle.  The  132  p.s.i.  is  the  resultant  effe 
of  vertical  and  horizontal  applied  stress* 
When  horizontal  and  vertical  stresses  a 
applied  together,  their  combined  effect  mu 
be  considered  in  any  analysis  of  bearii 
capacity  of  a  pavement. 
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This  article  presents  the  results  of  laboratory  compressive  strength  test* 
made  to  show  the  relationship  of  asphalt  viscosity  to  the  stability  of  pavement 
mixtures.  A  summary  of  the  more  important  conclusions  drawn  by  other 
authors  in  previously  reported  research  is  included  in  appendix  I. 

The  results  reported  here  illustrate  the  significant  effect  of  the  type  and  grada- 
tion of  aggregate  on  compressive  strengths  of  asphalt  mixtures  and  the  variation 
of  strength  that  can  occur  at  different  temperatures  for  mixtures  made  with 
asphalts  of  the  same  penetration  grade  but  with  different  viscosity-temperature 
susceptibilities.  When  comparisons  were  made  at  the  same  temperature, 
mixtures  of  a  particular  asphalt  and  the  crushed  stone  aggregate  used  in  these 
studies  had  significantly  higher  strengths  than  mixtures  of  the  same  asphalt 
and  the  gravel  aggregate,  which  in  turn  had  higher  strengths  than  the  mixtures 
made  with  sand.  Such  (inferences  in  strengths  of  the  crushed  stone,  gravel, 
and  sand  mixtures  were  indicated  to  be  more  significant  at  temperatures  around 
140°  F.  than  at  lotver  temperatures. 

When  comparisons  of  compressive  strengths  ivere  made  on  the  basis  of  equal 
absolute  viscosities,  the  differences  caused  by  the  three  types  of  aggregates  were 
still  significant,  but  the  strength  of  mixtures  made  with  the  same  type  and 
grading  of  aggregate  and  the  same  percentage  of  asphalt  were  equal  for  equal 
viscosities  regardless  of  the  source  and  grade  of  the  asphalt. 


Introduction 


THE  MAJOR  goal  of  the  asphalt  paving 
technologist   is   to   design   asphalt   paving 

p|  fixtures  that  will  have  sufficient  stability  to 
esist  displacement  of  the  asphalt  pavement 
n  the  form  of  shoving  or  rutting  under  traffic 
ud  also  have  the  proper  amount  of  flexibility, 
kid  resistance,  and  durability.  Many  re- 
earch  studies  have  been  conducted  to  evaluate 
uch  factors  as  the  type,  quality,  and  grada- 
ion    of    aggregates,    and    the    character    and 

''.mount   of  bituminous  binder  and   construc- 

!'e  lion  variables  that  affect  the  quality  and  per- 

ia  ormance  of  the  pavement . 

The  consistency  of  the  asphalt  binder  in 
>aving  mixtures  is  one  of  the  most  important 
ariables  that  affects  performance.  Conse- 
luently,  the  penetration  test  and  other  empiri- 
cal consistency  measurements  were  developed. 
Since  then  it  has  been  common  practice  to 
pecify  certain  penetration  grades  of  asphalt 


'f.f' 


for  paving  mixtures  for  use  under  specific  con- 
ditions of  traffic  and  climate.  Initially,  the 
grade  of  asphalt  was  selected  on  a  trial  and 
error  basis;  the  lower  penetration  materials 
were  used  in  warm  areas  and  for  heavy  traffic 
conditions,  and  the  higher  penetration  asphalts 
were  used  in  cold  areas  and  for  lighter  traffic 
conditions. 

During  the  I930's,  the  great  amount  of 
cracking  in  pavements  precipitated  a  trend 
toward  the  use  of  softer  asphalts  (higher 
penetration)  in  sheet  asphalt  and  asphalt- 
concrete  construction  in  many  areas  of  the 
country.  Since  that  time,  laboratory  sta- 
bility tests  have  come  into  general  use  for 
designing  paving  mixtures.  Using  these  tests, 
the  researcher  and  engineer  have  developed 
a  much  better  knowledge  and  understanding 
of  the  properties  of  aggregates,  mineral  fillers, 
and  bituminous  binders  that  influence  the 
stability  of  various  types  of  paving  mixtures. 
Several  research  studies  that  show  the  effect 


of  asphalt  consistency  on  stability  in  labora- 
tory tests  have  been  reported. 

A  review  of  the  literature  reveals  that  these 
studies  generally  agree  with  respect  to  the 
qualitative  relationships  involved.  However, 
the  quantitative  effects  of  type  and  gradation 
and  consistency  of  the  asphalt  binder  on 
stability  have  not  been  well  defined.  Con- 
sistency, measured  by  both  penetration  and 
viscosity,  has  been  used  in  the  various  studies. 
Some  authors  have  indicated  that  for  a  given 
mixture  no  difference  in  stability  should  occur 
when  asphalts  of  the  same  consistency  are 
used.  However,  a  number  of  others  have 
reported  that  other  properties  of  the  binder, 
as  weU  as  consistency,  have  a  significant  effect 
on  stability.  No  specific  information  has  been 
found  that  showed  the  relative  effect  of 
asphalts  of  different  viscosity-temperature  or 
shear-susceptibility  characteristics  in  mixtures 
made  with  different  aggregates  where  internal 
friction  differed  widely.  The  study  reported 
in  this  article  was  undertaken  to  obtain  such 
information.  The  relation  shown  is  the  effect 
of  viscosity  on  the  stability  of  pavement  mix- 
tures measured  by  laboratory  test.  No  at- 
tempt was  made  to  correlate  the  test  data  with 
characteristics  of  the  pavement  in  place,  but 
it  is  believed  that  the  relative  effects  indicated 
will  serve  as  valuable  criteria  for  further 
studies  on  the  design  of  mixtures  in  the 
laboratory  and  for  predicting  the  performance 
of  asphalt  pavements  in  service. 

This  article  also  includes  summaries  of  some 
of  the  more  important  research  reports,  which 
were  reviewed  to  provide  the  background  in- 
formation for  this  study.  These  summaries 
are  given  in  appendix  I  and  are  arranged  in 
approximate  chronological  order  to  provide  a 
general  picture  of  the  development  of  knowl- 
edge concerning  the  basic  relationships  in- 
volved. 


i  Presented  at  the  65th  annual  meeting  of  the  American 
Society  for  Testing  and  Materials,  New  York,  N.Y.,  .June 
1962. 
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Tabic  I.— 

Source,  method  of  refining 

,  and 

test  characteristics  of  asphalts 

Thin-film  oven  test,  H-in.  film 

Pene- 

Ductil- 

at 325°  F.,  5hrs. 

tration, 

ity,  5 

Soften- 

Furol 

Speci- 

Tests on  residue 

Vsphalt 

Source  of 
crude 

100  g., 

5  sec. 
at  77° 

em./ 
min. 

at  77 

ing 
point 

fic  gra- 

refining 

it  v  at 
275°  F. 

vitv  at 
77°  F. 

Loss  ' 

Ductil- 

Percent 

F. 

1 

Soften- 
ing 
point 

ity,  5 
cm./ 
min. 

of  origi- 
nal 
pene- 

tration 

Cm. 

°F. 

Sec. 

Percent 

"F. 

Cm. 

l'i  rcent 

3 

Mexico 

Atmospheric 
steam  distil- 
lation. 

87 

248 

121 

318 

1.037 

0.55 

134 

138 

60 

13 

Venezuela 

Unknown 

89 

175 

120 

255 

1.033 

.18 

132 

175 

62 

38 

Midcontinent. 

Vacuum  distil- 
lation to  225- 
275  penetra- 
tion, blown  at 
480°  F. 

yo 

170 

120 

189 

1.000 

.00 

129 

120 

62 

56 

Kansas 

Vacuum  distil- 
lation. 

86 

1C6 

121 

ISO 

1.  004 

+.03 

139 

13 

62 

69 

Texas 

Steam-vacuum 
distillation. 

87 

112 

116 

120 

1.029 

+  .02 

125 

178 

61 

100 

irnia 

Steam  distila- 
tion. 

88 

245 

120 

228 

1.031 

1.03 

136 

125 

49 

121 

Mexico 

Steam  distila- 
tion. 

57 

>250 

128 

431 

1 .  039 

.29 

140 

100 

65 

154 

Texas 

Steam-vacuum 
distillation. 

63 

212 

122 

144 

1.033 

+  .04 

127 

176 

62 

196 

Mexico 

Steam  distila- 
lation. 

135 

184 

113 

250 

1.034 

.93 

129 

235 

50 

220 

Texas 

Steam-vacuum 
distillation. 

126 

118 

109 

86 

1.  023 

.01 

118 

120 

57 

1  +sign  indicates  gain  in  weight. 

Materials  Used 

The  asphalts  used  for  the  tests  reported  here 
were  selected  from  the  group  included  in  the 
studies  of  the  properties  of  highway  asphalts 
produced  in  the  United  States  reported  by  the 
Bureau  of  Public  Roads  in  1959  and  1960 
{1,  2).  Table  1  provides  information,  which 
was  given  in  earlier  reports,  on  the  sources  of 
the  asphalt,  methods  of  refining,  and  some  of 


the  more  important  physical  characteristics  of 
the  asphalts.  The  same  identification  number 
for  each  sample  has  been  used  in  this  article 
to  permit  convenient  cross-reference.  Table  2 
shows  the  composition  of  the  selected  85-100 
penetration  asphalts  and  also  the  changes  in 
composition  during  aging  tests  conducted  by 
Rostler  and  White,  which  they  reported  at  the 
1962  meeting  of  the  Association  of  Asphalt 
Paving  Technologists   (3).     The   composition 


Tahle  2. — Composition  of  85-100  penetration  asphalt 


Asphalt  sample  - 


3: 
Original 

Mixed. . 
Aged-__. 

13: 

Original 
Mixed-. 
Aged 

38: 

Original 

Mixed 

Aged.... 

56: 
Original 
Mixed   . 
Aged.-.. 

69: 

Original 
Vtixed 

Aged 

100: 
Original 
Mixed 
Aged-.- 


Composition  3 


30.  7 
34.3 
36.  0 


28.8 
32.  0 
36.0 


20.  3 

24.  6 
30.  2 


20.3 
22.7 
25.0 


21.0 
22  7 
25.7 


33.4 
55.6 
41.8 


16.0 
16.  9 
18.3 


22.5 
23.5 
24.8 


18.4 

16.2 
16.5 


12.  1 
12.4 
11.9 


14.6 
20.4 
20.7 


21.7 
21.7 
20.7 


A, 


20.6 
18.  1 
16.2 


23.0 
18.5 

17.1 


23.8 
21.9 
19.7 


21.0 
21.3 
14.8 


23.9 
23.0 
27.5 


23.1 
19.7 
16.5 


23.7 
22.2 
21.5 


18.9 
19.1 
15.5 


24.8 
26.7 
23.8 


30.8 
29.7 
34.7 


31.0 
24.4 
26.8 


13.2 
16.3 
14.1 


9.0 
8.9 
8.0 


6.8 
6.9 
6.6 


12.7 
10.6 


15.8 
13.9 
13.6 


9.5 
9.5 
9.5 


8.6 
6.7 
6.9 


N-4-Ai 
P4-A2 


1.12 
1.14 
1.17 


1.77 
1.61 
1.90 


1.13 
1.02 

1.08 


0.71 
0.  77 
0.55 


0.96 
1.28 
1.05 


2.06 
1.80 
1.87 


Durability 
rating 


i  Taken  from  paper  by  Rostler  and  White  presented  at  meeting  of  Association  of  Asphalt  Paving  Technologists,  New 
( ir  leans,  La.,  January  1962. 

2  Asphalt: 

Original,  as  received. 

Mixed,  alter  mixing  with  Ottawa  sand  6  minutes  at  325°  F. 

Aged,  after  aging  7  days  at  140°  F. 

3  Composition  determined  by  Rostler-Sternberg  method: 

A=Asphaltenes. 
N  =  Nitrogen  base  resins. 
Ai  =  First  acidaffins. 
A2=Sccond  acidaffins. 
P  =  Paraffins. 


shown  was  based  on  the  Rostler-Sternber; 
method  in  which  the  asphaltenes  are  first  pre 
cipitated  with  normal  pentane  and  the  disl 
solved  fractions  are  treated  successively  witli 
sulfuric  acid  of  specified  strength.  It  is  be 
lieved  that  the  asphalts  selected  for  this  study 
and  described  in  the  following  paragraphs,  ha< 
sufficiently  different  characteristics  so  tha 
their  behavior  would  provide  a  general  cross 
section  of  all  types  of  commercial-grade  as 
phalt  materials. 

The  series  of  Texas  asphalts,  samples  154 
69,  and  226  were  respectively  60-70,  85-100 
and  120-150  penetration  grades  from  the  sam 
producer,  and  they  represented  the  most  tem 
perature-susceptible  materials  found  in  th 
previous  studies,  where  three  grades  wer> 
available  from  the  same  source.  Some  85-101 
penetration  grade  asphalts  from  Californi 
sources  have  lower  furol  viscosities  at  275°  F 
than  sample  69,  the  85-100  material  in  thi 
series,  but  the  difference  is  not  great. 

The  series  of  Mexican  asphalts,  sample 
121,  3,  and  196,  were  60-70,  85-100,  and  120 
150  penetration  grades  and  represented  th. 
materials  with  the  lowest  viscosity-tempera 
ture  susceptibility  tested  in  the  earlier  study 

The  other  four  asphalts  selected  for  thi 
study  were  of  the  85-100  grade:  (1)  Sample  13 
a  Venezuelan  material,  was  typical  of  much  o 
the  asphalt  used  on  the  east  coast.  (2)  Sampll 
38  was  a  midcontinent  material  that  wa 
highly  resistant  to  hardening  in  both  the  mi 
crofilm  and  thin-film  tests  reported  to  AST1V 
in  June  1961  (4),  and  this  material  had  a  rela 
tively  high  shear  susceptibility.  (3)  Sampl 
56  material  also  had  a  high  shear  susceptibility 
and  the  ductility  of  its  thin-film  residue  wa 
very  low  (4).  Although  Rostler  and  White  (S 
reported  that  their  test  showed  this  materia 
had  excellent  abrasion  resistance,  performanc. 
of  asphalt  having  similar  characteristics  an( 
believed  to  have  been  obtained  from  the  sam 
source  was  very  poor.  (4)  Sample  100  was 
California  asphalt,  which  had  a  relatively  higl 
loss  and  a  low  percentage  of  retained  pene 
tration  in  the  thin-film  test. 

The  aggregates  used  in  this  study  were  s< 
lected  to  give  test  mixtures  of  three  distinc 
types  having  widely  different  stability  char 
acteristics.  These  are  designated  in  this  art 
cle  as  sand,  gravel,  and  stone  mixtures.  Tl 
aggregate  for  the  sand  mixture  was  a  blend 
concrete  and  sheet  asphalt  sands  and  limi 
stone  dust.  The  aggregate  for  the  gravel  mis 
ture  was  composed  of  uncrushed  grave 
natural  sand,  and  limestone  dust.  The  aggrt 
gate  for  the  stone  mixture  was  entirely  crush© 
stone,  including  the  material  passing  the  mini 
ber  200  sieve.  The  compositions  of  the  tei 
mixtures,  including  the  type  and  gradation 
of  the  aggregates  are  shown  in  table  3.  Al 
though  the  gradations  chosen  for  each  type  c 
aggregate  were  generally  within  limits  that  ar 
used  for  actual  pavement  construction 
should  not  be  assumed  that  these  gradation 
represent  the  best  combinations  for  each  type 
The  primary  basis  for  selection  was  to  obtai 
aggregate  systems  having  low,  medium,  an 
high  levels  of  internal  friction. 
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'able  .'5. — Composition  and  aggregate  grad 
ing  of  lest  mixtures 

Sand 
mixture 

Gravel 
mixture 

Stone 
mixture 

Asphalt.      aggregate 

Percent 
8.5 

Percent 
6.0 

Percent 
6.0 

100 

Aggregate  type: 
Red  Hill  granite... 

Massoponax  gravel. 
Potomac  River 

58 
36 

White  Marsh  con- 
crete sand 

Potomac  River 
sheet  asphalt 

60 

38.5 

1.5 

Limestone  dust 

Aggregate  passing 
sieve: 

6 

100 
90 
62 
42 
32 
19 
9 
6 

%  inch 

100 
82 
36 

No.  4 

No.  10 

100 
90 

72 
52 
17 
4 

No.  20 

No.  40 

NO.  200 

13 
9 
4 

Table  I.—  Compressive  strengths  of  mixtures  made  with  different  asphalts  and  aggregates 


Variation  of  Compressive  StrengtJi 
with  Temperature 

Results  of  the  compressive  strength  test, 
nade  at  various  temperatures  on  specimens  3 
nches  in  diameter  and  3  inches  high  in  which 
ach  of  the  aggregates  were  used  with  each 
isphalt,  are  shown  in  table  4.  The  details  of 
nixing,  molding,  and  testing  these  specimens 
Ire  given  in  appendix  II.  The  compressive 
trength  result  reported  for  each  asphalt  at 
•ach  test  condition  is  the  average  for  four 
ndividual  specimens.  The  bulk  specific  grav- 
ty  and  the  voids  content  of  the  mixtures  given 
n  the  table  also  are  averages  for  the  group  of 
our  specimens  tested,  figure  1  shows  the 
pffect  of  temperature  on  compressive  strength 
l)f  the  three  types  of  mixtures  containing 
isphalts  3  and  69— the  85-100  penetration 
pfade  asphalts  representing  the  extremes  of 
emperature-susceptibility  of  the  asphalts  used 
D  this  study. 

As  expected,  a  large  difference  was  noted  in 
■he  compressive  strength  of  the  three  types 
if  mixtures,  especially  at  the  higher  tempera- 
lies.  For  example,  at  120°  F.  the  sand 
fixture  for  asphalt  69  had  a  strength  of 
>  p.s.i. ;  the  gravel  mixture  had  a  strength  of  32 
>.s.i.  (interpolated);  and  the  crushed  stone 
nixture  had  a  strength  of  102  p.s.i.  At 
ower  temperatures  the  differences  were  less 
>ronounced.  The  strength  at  60°  F.  for 
isphalt  69  was:  327  p.s.i.  for  the  sand  mixture; 
140  p.s.i.  (interpolated)  for  the  gravel  mixture; 
ind  486  p.s.i.  for  the  stone  mixture.  Differ- 
ences in  the  compressive  strength  of  mixtures 
ontaining  asphalt  3  were  of  about  the  same 
Drder  of  magnitude.  The  flatter  slope  of  the 
slotted  line  for  the  crushed  stone  mixtures 
■eflects  the  greater  interlocking  or  internal 
riction  present  in  the  crushed  stone  aggregate. 

The  same  type  of  aggregate  mixtures  made 
with  asphalts  of  the  same  penetration  grade 
)ut  from  different  sources  also  had  signifi- 
cantly different  compressive  strengths.  The 
[differences  in  strength  caused  by  differences  in 
isphalt  source  were   greatest   with  the   sand 
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Asphalt 
sample 


154 
69 

226 

121 

3 

190 
13 

38 

56 


Type  of  aggregate  ' 


Gravel 

Sand.. 
Gravel 
Stone.. 

Gravel 

Gravel 

Sand.. 
Gravel 
Stone.. 

Gravel 

Sand.. 
Gravel 
Stone.. 

Sand.. 
Gravel 
Stone.. 

Sand.. 
Gravel 
Stone.. 

Sand. 
Gravel 
Stone_. 


Bulk 

sp.  gr.2 


2.  255 

1.939 

2.  256 
2.  365 

2.251 

2.275 

1.953 
2.  272 

2.380 

2.270 

1.955 
2.273 
2.383 

l  944 
2.  263 

2.  355 

1.941 

2.  267 
2.372 

1.958 
2.272 
2.383 


Air 

voids,3 
percent 


is  2 
7.3 
8.  I 


7.4 

6.9 

17.4 
0.  2 
7.3 

17.3 

0.  2 
7.1) 

17.2 
6.4 
7.2 

17.2 
6.4 
7.3 


Compressive  strength,  p.s.i.,  at- 


40°  F.      59°  F.      60°  F.      82°  F.      95°  F.      100°  F.    120°  F.     140°  F 


1,228 


,383 

774 

999 

558 
785 
959 

676 


585 

_469 

327 
547 

396 

320 


327 

3  441) 

486 


273 

3  390 

411 


298 
428 
448 

256 
362 
382 

249 
366 
381 

324 
451 
554 


205 

130 

.'.V 


33 
3  90 
169 


55 
193 


4s 
122 
177 

38 
110 
188 

72 
139 


56 
132 
197 


90 

~~71 

48 
136 

"  106 

75 


3  32 
102 


21 
3  59 
133 


14 

54 
123 

12 

40 
122 

29 
78 

140 

18 
58 
130 


22 

11 
50 

~38~ 

23 


1  See  table  3  for  grading  and  composition  of  mixture 

2  Each  value  is  an  average  of  results  for  4  test  specimens. 

3  Interpolated  strengths. 


Table    5. — Viscosities    of    original     and    recovered    asphalts,    83-100    grade,  at    various 

temperatures 


Asphalt  sample  and  lest 
temperature 

Viscosity ' 

Original  asphalt 

Recovered  asphalt  from — 

Sand  mixture 

Gravel  mixture 

Stone  mixture 

0  F. 
3: 

40 

Poises 

1.2X10' 

8.7X10" 

8.3X10" 

1.1X10" 

5.2X105 
1.3X105 
8.5X10' 
1.5X10' 
3.  3X103 

1.1X10' 
1.2X108 

2.3X105 
1.8X105 

1.0X10' 
1.2X10 
1.3X10' 
1.3X10' 

8.  0X10" 
1.7X10" 
2.  1X105 
3.4X10' 

5.2X10' 
1.8X10' 
1.6X10' 
1.0X10" 
5.7X105 
1.1X105 
6.6X10' 
8.3X10" 
1.  5X103 

1.1X10' 
1.2X10" 
1.9X105 
1.9X10' 

Poises 

I'Otst.s 

1.9X10S 
2.0X10' 

Poises 

59 

60 

2.0X0)' 
3.4X10" 

2.0X10' 
2.8X10" 

77.  .         

3.0X10" 
1.8X10" 

82 

95 

4.7X105 

3.9X105 

100 

3.4X105 

120 

5.5X10' 

3.9X10' 

140 

1.8X10' 

1.5X10' 
2.  1X10" 
2.4X105 
2.4X10' 

1.5X10' 
2.1X10" 
2.0X105 

2.0X10' 

1.9X10' 
3.7X10" 
4.6X105 
6.8X10' 

1.2X10" 
3.2X10' 

13: 

60              

1.7X10' 
2.4X10" 
3.0X105 
3.0X10' 

1.5X10' 
2.9X10" 
3.3X10' 
4.0X10* 

1.3X10' 
3.8X10" 
6.5X105 
7.0X10' 

1.7X10' 
2.2X10" 
2.7X10' 
2.4X10' 

1.3X10' 
1.9X10" 
2.3X105 
1.6X10* 

1.6X10' 
3.7X10" 
6.3X10' 
9.3X10' 

95     _                   

120                                

38: 

60                      

95               

120                     

50: 

60                            

77                ..   -.     --- 

95  .                   

120                      

09: 

3.0X10' 
2.9X10" 

2.0X10' 
2.6X10" 

77                      

2.1X10" 
1.  1X10" 

95 

2.6X10' 

2.7X10" 

1.0X105 

1.8X10' 

2.0X10' 

2.1X10" 

2.3X10' 
2.4X10" 
3.5X10= 
3.6XHH 

100: 

2.4X10' 
3.  1X10" 
3.8X103 
3.3X10' 

2.2X10' 
3.3X10" 
3.9X105 
3.5X10* 

120                     

i  Shear  rate  0.05  sec.- 
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Fignie  2. — Relation  betiveen  log  strength  and  temperature 
asphalts  of  different  grades. 


Figure  1. — Relation   betiveen    log  strength   and   temperature — 
different  aggregates  and  asphalts. 


mixture  and  least  with  the  stone  mixture.  For 
example,  the  strength  of  the  sand  mixture  at 
120°  F.  containing  asphalt  sample  3  was  2.6 
times  the  strength  of  a  similar  mixture  con- 
taining asphalt  69.  At  this  temperature  the 
ratios  of  the  strengths  of  the  gravel  and  stone 
mixtures  were  1.8  and  1.3  respectively  for  the 
same  two  asphalts. 

The  variation  in  compressive  strength  with 
temperature  for  gravel  aggregate  mixtures 
made  with  asphalts  from  the  same  source  but 
of  different  penetration  grades  is  illustrated 
in  figure  2.  The  data  plotted  are  for  the 
mixtures  containing  60-70  and  120-150  pene- 
tration grades  of  the  Mexican  and  Texas 
asphalts,  representing  the  extremes  of  temper- 
ature-susceptibility. The  curve  for  mixtures 
made  with  the  85-100  Mexican  asphalt  is  also 
included  for  comparison.  As  shown,  the 
curves  for  different  grades  from  a  given  source 
an'  substantially  parallel  but  differ  signifi- 
cantly  in  slope  from  the  curves  for  mixtures 
made  with  corresponding  grades  of  asphalt 
from  a  different  source. 

The  relative  position  of  the  curves  for  the 
mixtures  containing  60-70  Texas  asphalt 
-ample  L54,  and  those  containing  the  120-150 
Mexican  asphalt  sample  196,  are  of  interest. 
These  mixtures  had  approximately  the  same 
compressive  strengths  at  140°  F.,  but  at  in 
F.  the  strength  of  the  mixture  containing 
sample  154  was  almost  double  that  of  sample 
196.  However,  the  mixtures  containing  as- 
phalt samples  3  and  226  had  the  same 
strengths  at  40°  F.  but  widely  different 
Strengths  at  140°  F.  (Sample  3  was  the 
85-100  Mexican  asphalt  and  sample  226  the 
120    150  Texas  asphalt.)      These  comparisons 
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Table  6. — Viscosities  of  original  and  recovered  asphalts,  60-70  and    120-150  grades,  at 

different  temperatures 


Test  temperature,  °  F. 


411 
59 

82 

Inn 
140 

40 
59 
77 
82 
100 
140 


Viscosities  '  for  60-70  grade  asphalts- 


Original 


Recovered  2 


Asphalt  121 


3.4X10* 
2.9X10? 
3.1X106 
1.3X10' 
2.0X105 
6.3X103 


3.5X10* 
3.6X10? 
5.6X106 
3.6X106 
6.8X105 
3.6X10* 


Asphalt  154 


1.2X10' 
3.9X10' 
2.3X106 
1.1X106 
1.3X105 
2.5X103 


J  I  ■  in 
6.9X10? 
4.8X106 
2.2X106 
2.1X105 
4.4X103 


Viscosities  '  for  120-150  grade  asphalts- 


Original 


Recovered  2 


Asphalt  196 


6.1X10? 
4.6X105 
5.8X106 
2.3X105 
4.4X10* 
1.7X103 


3.3X10' 
1.1X10? 
1.3X106 
6.9X105 
1.1X105 
4.2X103 


Asphalt  226 


1.6X10* 
6.7X106 
3.5X105 
2.4X105 
3.1X10* 
7.8X102 


5.8X10* 
1.4X10? 
8.8X103 
4.6X105 
4.2X10* 
8.5X10= 


1  For  shear  rate  of  0.05  sec.-' 

2  Asphalt  recovered  from  gravel  mixture. 


illustrate  the  effect  of  the  temperature- 
susceptibility  of  asphalts  on  mixture  strengths. 
The  general  relations  shown  in  figures  1 
and  2  are  well  known  from  the  qualitative 
standpoint  and  will  be  exhibited  by  all  types 
of  mixtures,  but  the  amount  of  change  in 
strength  will  differ  and  depends  on  both  the 
asphalt  characteristics  and  the  differences  in 
aggregate  such  as  grading,  particle  shape, 
etc.  The  degree  of  compaction  of  the  labora- 
tory specimen  and  the  percentage  of  asphalt 
used  also  will  influence  the  strength  relation- 
ships obtained  with  each  mixture  composition. 
Because   the   effect   of  asphalt   viscosity   was 


the   primary  consideration  in  this  study, 
evaluation  was  made  of  the  quantitative  efft 
of  other  factors. 

J  uriations  of  Compressive  Stretigt 
nith  J  iscosity 


To  show  the  extent  to  which  the  differenc 
in  stability  of  bituminous  mixtures  determini 
in  the  laboratory  by  the  compressive  streng 
test  can  be  attributed  to  differences 
viscosity  of  the  contained  asphalt,  the  asphal 
were  recovered  from  test  specimens  represei 
ing  each  type  of  mixture  and  their  viscositil 
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ble  7. — Comparison  of  penetration  of 
isplialts  recovered  from  test  specimens 
vith   penetration  of  original  asphalts 


Asphalt 

Bade  and 

pam]  le 

number 


M 


S:,  Mm 
3.. 
13- 
38 
56 
69- 
100- 

60-70: 
121- 
154- 

120-150 
196- 
226- 


Penetratlon,  100  g.  5  sec, 


Original 
asphalt 


92 

ss 
v.l 
78 
88 
90 


61 


127 
145 


Asphalt  recovered  from — 


Sand 

mixture 


61 

62 
63 
54 
53 

54 


<  travel 
mixture 


(13 
66 
68 
61 
61 
59 


47 
43 


Stone 
mixture 


63 
65 
70 
57 
56 
58 


7-  ?re  determined  at  several  temperatures.  The 
scosities  of  the  original  asphalts  also  were 
termined  over  the  same  temperature  range 
measure  the  hardening  that  had  occurred 
iring  the  preparation  and  testing  of  the 
tecimens. 

All    viscosities    were    determined    with    the 

iding  plate    microviscometer.     This   instru- 

ent    has    been    adequately    described    in    a 

Rnber  of  published  reports  (14,  15).     Deter- 

inations   for   each    material   were    made    at 

mr  temperatures  covering  the  normal  work- 

I  g  range  of  the  instrument.     Although  there 

ere  some  exceptions,  most  of  the  determina- 

ons  were  made  at  60°  F.,  77°  F.,  95°  F.,  and 

10°  F.     All  viscosities  were  computed  on  the 

asis   of  a   shear  rate   of   0.05   sec.-1     These 

ata  were  plotted  on  a  viscosity  temperat  ure 

'aart    using    the    ASTM    coordinates.     The 

lasis  for  this   chart   is   log  log  viscosity   in 

mtistokes,  which  is  essentially  equivalent  to 

sntipoises  for  these  materials,  plotted  against 

)g  of  absolute  viscosity  in  degrees  Rankine 

5    F.  + 459.7).      The    viscosities    reported    in 

rales    5   and   6   were   extrapolated   or   inter- 

olated  from  the  plotted  lines  based  on  the 

est  straight  line  through  the  determined  data 

loints.     Such    extrapolated    viscosities    may 

ot    be    exact    for   the    extrapolations    at  the 

pper   and   lower   temperatures    (120°    F.    or 

40°  F.  and  40°  F.)  but  they  are  believed  to 

>e  sufficiently  precise  for  the   purposes  of  this 

tudy. 

The  data  in  table  5  for  the  S5-100  penetra- 
ion  asphalts  include  viscosities  of  the  original 
.sphalts  and  of  the  asphalts  recovered  from 
hixtures  made  with  each  of  the  aggregates. 
Ul  of  the  recovered  asphalts  had  higher 
/iscosities  than  the  original  asphalt;  and, 
renerally,  the  viscosity  increase  occurring 
vith  the  use  of  each  type  of  aggregate  was 
tot  significantly  different.  The  greatest  diff- 
erence occurred  for  asphalt  38.  At  120°  F. 
/he  viscosity  of  the  material  recovered  from 
:he  sand  mixture  made  with  this  asphalt  was 
ipproximately  double  the  viscosity  of  the 
material  recovered  from  other  aggregate 
mixtures;  but  at  60°  F.  the  viscosities  for  all 
three  recovered  asphalts  were  essentially  the 
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same.  Table  6  shows  the  data  for  both  the 
original  and  recovered  asphalts  for  the  60-70 
and  120-150  grades.  Asphalts  of  these  grades 
wen-  recovered  from  only  the  gravel  mixtures. 

Table  7  contains  data  that  compares  the 
penetrations  of  the  original  and  recovered 
asphalts  at  77°  F.  The  penetration  data 
provide  a  more  familiar  evaluation  of  the 
hardening  occurring  during  the  mixing  and 
curing  of  the  various  specimens  and  show  that 
the  increase  in  consistency,  measured  by  the 
penetration  at  77°  F.,  is  equivalent  to  approxi- 
mately a  one-grade  change  in  penetration. 
For  the  S5-100  grade  materials,  the  original 
penetration  at  77°  F.  varied  from  78  to  92. 
Asphalt  sample  56,  which  had  :i  penetration 
of  78,  was  out  of  grade.  The  penetration  of 
the  recovered  asphalts  ranged  from  a  low  of 
53  for  the  asphalt  recovered  from  the  sand 
mixture  containing  asphalt  sample  69  to  a 
high  of  70  for  the  asphalt  recovered  from  the 
stone  mixture  containing  asphalt  sample  38. 
Generally,  the  hardening  during  the  mixing 
and  curing  of  the  sand  mixtures,  measured 
by  penetration  at  77°  F.,  was  greater  than 
that  for  the  gravel  and  stone  mixtures. 

In  figure  3,  the  logarithm  of  the  compressive 
strength  at  each  temperature  is  plotted 
against  the  logarithm  of  the  viscosity  of  the 
recovered  asphalt  at  the  same  temperature. 
Regardless  of  the  source  or  penetration  grade 
of  the  asphalt  used,  the  data  points  fall  on 
three  distinct  curves,  one  for  each  type  of 
aggregate  mixture.  The  influence  of  the 
aggregate  system  in  the  mixtures  is  again 
illustrated  by  the  different  levels  and  slopes 
of  the  curves.  Although  there  is  some  curva- 
ture in  the  plotted  lines,  small  segments  can 
be  considered  to  be  straight  and  the  slopes 
of  such  segments  can  be  used  to  indicate  the 
ratio  of  change  in  strength  to  the  change  in 
viscosity.  Examination  of  these  slopes  in  the 
range  of  viscosity  from  104  to  10s  poises, 
which  is  approximately  equivalent  to  vis- 
cosities at  summer  temperatures,  shows  that 
a  10-fold  increase  in  viscosity  produced 
approximately  a  3.2-fold  increase  in  strength 
for  the  sand  mixture,  a  2.4-fold  increase  for 
the  gravel  mixture,  and  a  1.5-fold  increase 
for  the  stone  mixture.  Corresponding 
strengths  for  viscosities  such  as  would  exist 
for  winter  temperatures  in  the  range  of  from 
108  to  109  poises  could  not  be  estimated 
precisely.  However,  it  is  probable  that 
further  increase  in  viscosity  produced  by 
decrease  in  temperature  would  not  cause  as 
large  an  increase  in  strength.  This  tendency 
is  indicated  by  the  curvature  of  the  plotted 
line  for  the  sand  mixture  and,  to  a  lesser 
extent,  by  the  curvature  of  the  plotted  line 
for  the  gravel  mixture.  The  data  for  the 
stone  mixture  was  less  definite,  but  it  is 
believed  that  strengths  at  higher  viscosities 
than  obtained  in  this  study  would  show 
similar  behavior  of  the  mixture. 

Other  researchers  have  studied  the  relation 
of  asphalt  viscosity  to  laboratory  determined 
stability  and  some  have  indicated  that  a 
straight  line  is  the  result  when  log  strength 
is  plotted  against  log  log  viscosity.  Summaries 
of  three  studies  using  this  relation  are  included 


in  appendix  I;  these  studies  were  by  Weetman 
and  Hurlburt  (7),  Neppe  (8),  and  Wood  and 
Goetz  (■'').  To  examine  this  relationship,  the 
data  obtained  in  this  study  (tables  4.  5. 
and  6)  were  plotted  as  shown  in  figure  4. 
It  should  be  noted  that,  although  the  hori- 
zontal axis  mi  i  he  plot  shows  viscosity  in 
poises,  the  basis  for  locating  the  points  was 
the  log  log  viscosity  in  centipoises.  The  data 
for  the  gravel  mixtures  with  all  asphalts  fall 
on  a  straight  line  oxer  the  entire  viscosity 
range  explored.  The  plotted  data  for  the 
sand  and  stone  mixtures  made  with  all 
asphalts  closely  approximate  straight  lines 
for  viscosities  less  than  107  poises,  but  for 
greater  viscosities  the  lines  show  some 
curvature. 

Some  authors  have  indicated  that  factors 
other  than  viscosity  have  a  significant  effect 
on  strength  measured  by  laboratory  stability 
tests.  It  is  obvious  from  figures  3  and  4  that 
much  of  such  an  effect,  if  it  existed,  would  be 
masked  by  aggregate  systems  having  good 
inherent  stability.  Special  attention  there- 
fore was  directed  to  the  results  obtained  with 
certain  asphalts  in  the  sand  and  gravel 
mixtures.  Figure  5  shows  viscosity  and 
strength  data  for  three  asphalts  replotted  on 
the  same  basis  used  in  figure  4.  These  data 
are  for  asphalts  3  and  69,  which  represented 
the  extremes  of  temperature-susceptibility, 
and  asphalt  56,  which  had  the  greatest  degree 
of  complex  flow.  Although  tests  were  made 
at  only  three  temperatures  for  the  sand 
mixture  prepared  with  each  asphalt,  there  were 
some  indications  that  the  data  points  would 
form  a  slightly  different  line  for  each  asphalt. 
Data  were  available  at  five  temperatures  for 
the  gravel-mixtures  for  asphalt  samples  3  and 
69  and,  as  indicated,  no  difference  in  the 
plotted  line  could  be  detected.  There  was 
some  indication  that  the  three  data  points  for 
the  gravel-mixture  curve  for  asphalt  sample 
56  formed  a  slightly  different  line  than  was 
obtained  from  data  points  for  asphalt  samples 
3  and  69,  but  this  difference  might  have  been 
the  result  of  experimental  error. 

When  evaluating  the  significance  of  this 
difference,  the  possible  effect  of  the  shear 
rate  used  to  determine  the  viscosity  of  the 
asphalts  compared  to  the  shear  rate  of  the 
asphaltic  film  during  the  strength  test  should 
be  considered.  As  previously  stated,  all  of 
the  viscosities  reported  in  this  study  were 
based  on  a  shear  rate  of  0.05  sec.-1  This  basis 
was  selected  because  this  shear  rate  is  the 
one  most  commonly  used  with  the  sliding  plate 
microviscometer.  Also,  this  shear  rate  could 
be  determined  with  relatively  good  precision 
for  the  tests  made  on  these  asphalts  as  it 
could  be  bracketed  by  actual  test  results. 
This  rate  of  shear,  however,  did  not  correspond 
to  the  rate  of  shear  in  the  mixture  specimen 
during  the  strength  test.  Based  on  the 
average  film  thickness  of  the  asphalt  in  the 
mixture  and  the  speed  of  the  test,  the  rate  of 
shear  in  the  compressive  strength  specimen 
at  failure  most  likely  was  in  the  range  of 
1  sec.-1  to  2  sec.-1 

Attempts  were  made  to  extrapolate  the 
viscosity  test  data  so  that  the  apparent 
viscosity  could  be  calculated  on  the  basis   of 
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Figure  H. — Relation  between  log  strength  and  log  viscosity 
of  asphalt . 


the  estimated  shear  rate  existing  during  the 
test,  but  the  extent  of  the  extrapolation  so 
greatly  reduced  the  precision  of  the  estimation 
that  the  results  proved  to  bo  of  no  value. 
It  is  entirely  possible  that  more  precise 
measurements  of  strength  would  show  greater 
differences  in  strength  for  the  same  viscosity 
than  were  indicated  in  this  study,  but  it  is 
believed  that  more  study  is  needed  to  deter- 
mine whether  such  differences  are  significant 
with  respect  to  pavement  behavior. 

Discussion  of  Results 

Essentially  all  of  the  relationships  shown 
by  the  tests  conducted  in  this  study  have  been 
indicated  in  previous  research  reports;  some 
of  these  reports  are  summarized  in  appendix  I. 


However,  such  previous  studies  were  limited 
in  scope  as  to  tests  over  a  wide  range  of  tem- 
peratures on  mixtures  made  with  different 
distinctive  types  of  aggregate  systems  and 
asphalts  from  different  sources.  The  data 
reported  in  this  article  are  believed  to  be  of 
considerable  value  as  they  provide  a  quantita- 
tive estimate  of  the  effect  of  the  preceding 
factors.  The  variations  in  strengths  of  mix- 
tures produced  by  differences  in  viscosity- 
temperature  susceptibility  of  the  asphaltic 
binder  were  much  greater  for  the  sand  mix- 
tures than  for  the  gravel  or  crushed  stone 
mixtures  selected  for  this  study.  These  differ- 
ences were  most  pronounced  at  higher  tem- 
peratures; but,  as  the  temperatures  decreased 
the  differences  between  aggregates  became  less 
important. 


When  comparisons  were  made  on  the  basis  c 
the  same  viscosity,  regardless  of  source  c 
penetration  grade,  the  relative  differences  i 
the  strengths  of  the  sand,  gravel,  and  ston 
mixtures  were  greatest  at  the  maximum  serv 
ice  temperature  (140°  F.)  at  which  the  vis 
cosities  were  lowest.  The  relative  difference 
decreased  with  a  decrease  in  temperature  c 
an  increase  in  viscosity.  For  viscosities  c 
about  109  poises  or  higher,  the  effects  of  aggre 
gate  or  possible  differences  in  asphalts  wer 
not  clearly  evaluated  in  this  study.  Tlier 
were  some  indications  that  the  curve  for  th 
sand  mixture  leveled  off;  that  is,  it  approache 
a  maximum  strength,  but  the  curves  for  th 
gravel  and  stone  mixtures  did  not  show  thi1 
tendency.  It  is  believed  that  at  such  trig' 
viscosities,  asphalts  may  cease  to  behave  a] 
viscous  liquids  and  act  more  nearly  as  solid 
Thus,  tests  to  measure  properties  such  a 
brittleness,  stiffness,  or  fatigue  resistance  ma, 
provide  a  better  evaluation  of  mixture  propi 
erties  at  temperatures  near  40°  F.  or  lowe 
than  compressive  strength  tests  such  as  weri 
used  in  this  study. 

In  certain  aspects,  the  data  from  this  stuSj 
support  the  suggestion  made  by  some  asplial 
technologists  that  asphalt  cements  should  In 
graded  on  the  basis  of  their  viscosities  a 
140°  F.  rather  than  on  penetrations  at  77  I 
Differences  in  viscosities  of  asphalts  at  140°  F 
have  been  shown  to  be  much  more  critical 
insofar  as  compressive  strength  is  concerned 
than  viscosity  differences  at  lower  tempera- 
tures. 

Tests  in  this  study  showed  no  signifi 
cant  differences  in  compressive  strengths  foi 
mixtures  made  with  asphalts  of  the  same 
viscosity  from  different  sources.  There  wag 
some  indication  that  different  asphalts  having 
the  same  viscosity  may  produce  slightlj 
different  strengths  for  weak  aggregate  systems 
at  high  temperatures,  but  differences  of  the 
order  indicated  would  have  no  practical 
significance.  Even  these  small  differences 
were  minimized  at  low  temperatures. 
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Figure  i. — Relation    between    ioti  strength  andlog  log  viscosity  of 

asphalt. 


Figure  5. — Relation  between  log  strength  and  log  log  viscosity  of 
selected  asphalts. 
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Summary  of  Previous  Research 

To  provide  background  information  for  the 
,-ork  reported  in  this  article,  a  literature 
urvev  was  made.  The  following  listed  papers 
[ave  been  summarized  to  illustrate  the  general 
levelopment  of  information  and  the  present 
tate  of  knowledge  concerning  the  various 
elationships  of  viscosities  and  stabilities  oi 
igphaltic  mixtures.  Only  a  brief  summary 
nd  major  conclusions  from  each  paper  have 
jeen  included.  For  a  more  detailed  descrip- 
ion  of  the  research,  the  complete  article 
mould  be  referred  to. 

Stability  Experiments  on  Asphaltic 
Paving  Mixtures 


In  1934,  Emmons  (10)  reported  a  study 
conducted  by  the  Bureau  of  Public  Roads  to 
istablish  performance  data  for  the  develop- 
ment of  laboratory  strength  tests  for  bitu- 
minous pavement  mixtures.  Experimental 
I  pavement  sections  were  constructed  of  many 
different  compositions  on  a  circular  roadway 
180  feet  in  mean  diameter.  The  performance 
of  these  sections  was  observed  under  con- 
t  rolled-traffic  conditions.  Asphalts  having 
different  penetrations  were  used  as  binders  in 
sheet  asphalt  and  asphaltic  concrete  paving 
mixture-.  Observations  on  the  performance 
of  the  test  sections  showed  that  stable  mix- 
tures for  sheet  asphalt  had  been  obtained  from 
the  use  of  asphalts  having  penetrations  of  35 
to  55.  Use  of  softer,  steam-refined  asphalts 
having  penetrations  of  63  and  72  caused  some- 
what more  plastic  mixtures;  however,  only 
one  section  of  test  pavement  had  been  laid 
that  contained  each  of  these  asphalts.  The 
consistency  ot  the  asphalt  cement  had  no 
apparent  influence  on  the  service  characteristic 
of  the  coarse-graded  asphaltic  concrete. 
Stable  mixtures  were  laid  with  asphalts  having 
penetrations  ranging  from  45  to  75. 

Effect    of    Consistency    and    Type    of 
Asphalt  on  Hubbard-Field  Stability 

of  Sheet  Asphalt  Mixtures 

In  1940,  Hillman  (11)  reported  the  effect 
of  consistency  and  type  of  asphalt  on  the 
Hubbard-Field  stability  of  sheet  asphalt 
mixtures.  Mixtures  were  made  with  10 
different  grades  of  Mexican  asphalt  having 
penetrations  that  ranged  from  23  to  182  and 
that  were  obtained  from  the  same  producer, 
and  with  two  grades  of  asphalt,  50-60  and  85- 
100,  that  were  obtained  from  each  of  five 
different  sources.  The  mixtures  prepared 
with  the  different  asphalts  were  tested  for 
Hubbard-Field  stability  at  temperatures  of 
104°,  122°,  and  140°  F. 

The  findings  of  this  study  are  summarized, 
as  follows:  (1)  For  asphalts  from  the  same 
source,  the  stability  of  sheet  asphalt  mixtures 
depends  on  the  consistency  of  the  asphalt  at 
the  temperature  of  the  stability  test.  (2) 
There  are  greater  differences  in  the  stability 
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of  mixtures  made  with  the  same  penetration 
.made  of  asphalts  from  different  sources  than 
in  the  stability  of  mixtures  made  with  50  and 
100  penetration  asphalts  from  the  same 
source.  (3)  There  are  some  characteristics 
of  asphalt  that  caused  mixtures  made  with 
asphalts  from  different  sources  to  vary  in 
stability  even  when  the  consistency  of  the 
asphalts,    measured  by  penetration,  was  the 


Effect  of  Characteristics  of  Asphalts 
on  Physical  Properties  of  Bitumi- 
nous Mixtures 

In  1948,  Lewis  and  Welborn  (/£)  reported 
on  the  effects  of  the  characteristics  of  asphalts 
on  the  physical  properties  of  bituminous 
mixtures.  This  article  included  results  of 
laboratory  tests  conducted  on  a  particular 
bituminous  mixture  and  a  review  of  other 
investigations.  It  was  concluded  that:  (1) 
The  strength  of  a  given  mixture  is  dependent 
upon  the  consistency  of  the  contained  asphalt 
at  the  test  temperature.  (2)  The  test  data 
from  other  investigations  indicate  that  there 
is  some  characteristic  of  asphalts  that  causes 
comparable  mixtures  prepared  with  different 
asphalts  to  vary  in  strength  even  when  con- 
tained asphalt  has  the  same  consistency. 

Flow  Properties  of  Bituminous 
Binders 

In  a  paper  published  in  1950,  Lee  and 
Warren  (IS)  commented  on  the  fact  that  the 
flow  properties  of  asphalt  or  other  types  of 
bituminous  binders  are  recognized  as  being 
of  primary  importance  in  road  construction. 
These  authors  stated  that  most  of  the  speci- 
fication tests,  such  as  penetration,  softening 
point,  ductility,  and  furol  viscosity,  had  no 
relation  to  the  fundamental  nature  of  flow  and 
that  up  to  that  time  little  reliable  information 
had  been  established  to  correlate  road  behavior 
with  fundamental  characteristics  of  binders. 

To  develop  such  fundamental  information 
the  Road  Research  Laboratory  (England) 
obtained  viscosity-temperature  relations  over 
a  temperature  range  of  about  15°  C.  (59°  F.) 
to  180°  C.  (355°  F.)  on  a  number  of  asphalts 
of  approximately  65  penetration,  which  had 
been  obtained  from  several  sources.  Ro- 
tating-cylincler,  Ostwald,  and  falling-cylinder 
viscometers  were  used  to  cover  the  temper- 
ature range.  On  the  basis  of  the  results  of 
their  tests  on  specimens  of  road  surfacing 
mixtures  made  with  the  different  asphalts, 
the.  authors  concluded  that  the  temperature 
susceptibility  of  the  road  mixture  is  determined 
by  that  of  the  binder.  However,  their  tests 
also  indicated  that  differences  in  the  plastic 
and  elastic  properties  of  the  asphalts  were  of 
more  significance  in  determining  the  mechan- 
ical properties  of  mixtures  than  differences 
in  viscosity-temperature  coefficients. 


Effect  of  Asphalt  Viscosity  on  Stabil- 
ity of  Asphalt  Paving  Mixtures 

Weetman  and  Hurlburt  (7),  in  1947,  in- 
vestigated the  effect  of  temperature  and 
asphalt  viscosity  on  the  punching  shear 
stability  of  a  sheet  asphalt  mixture.  Three 
asphalts  of  different  penetration  grades,  from 
each  of  two  sources,  that  differed  widely  in 
temperature  susceptibility  were  used.  Stabil- 
ity of  a  sheet  asphalt  mixture  in  which  each 
asphalt  had  been  used  was  determined  over  a 
temperature  range  of  10°  F.  to  160°  F. 
Absolute  viscosity  of  the  asphalts  recovered 
from  the  stability  specimens  was  determined 
at  several  temperatures  within  this  range  by 
a  coaxial-cylinder  viscometer.  The  more 
important  conclusions  drawn  from  this  studj 
are: 

•  The  punching  shear  stability  of  sheet 
asphalt  mixtures  at  temperatures  in  the  range 
of  40°  F.  to  160°  F.  are  linear  semilog  functions 
of  temperature. 

•  For  asphalts  of  the  same  penetration  at 
77°  F.,  the  high  viscosity-temperature  sus- 
ceptible asphalts  had  higher  stabilities  at  lower 
temperatures  and  lower  stabilities  at  high 
temperatures  than  asphalts  of  lower  viscosity- 
temperature  suseepl  ibility. 

•  Comparable  stabilities  at  140°  F.  can 
be  obtained  by  using  a  low-susceptible  asphalt 
having  an  appreciably  higher  penetration 
at  77°  F.  than  a.  highly  susceptible  asphalt. 
For  the  asphalt  from  the  two  sources  reported, 
this  difference  in  penetration  was  approxi- 
mately 50. 

•  Stabilities  of  mixtures  made  with  asphalts 
frorn^  the  same  source  but  having  widely 
different  penetrations  at  77°  F.  are  directly 
related  to  the  asphalt  viscosity  at  the  shearing 
temperatures.  A  linear  relation  between 
log  log  viscosity  and  log  stability  was  found, 
but  the  curves  for  the  series  of  asphalts  were 
not  coincident.  This  indicated  that  some 
factor  other  than  viscosity,  such  as  absorption, 
affected  the  stability  of  the  sheet  asphalt 
mixture. 

J  iscosity  Effects  on  the  Marshall 
Stability  Test 

In  1951,  Fink  and  Lettier  (14)  reported  on 
a  study  concerned  primarily  with  the  effects 
of  the  absolute  viscosity  of  asphalt  on  Marshall 
stability.  Nine  asphalts  obtained  from  sev- 
eral sources  and  of  widely  different  methods  of 
manufacture  and  temperature-susceptibilil  y 
were  selected  for  this  study. 

Viscosities  of  the  asphalts  were  determined, 
using  the  vacuum  capillary  viscometer,  in 
the  range  of  120°-205°  F.  and  the  Saybolt 
furol  viscometer  at  higher  temperatures. 
The  furol  viscosities  were  converted  to 
absolute  viscosities.  Marshall  stability  speci- 
mens were  made  by  using  one  aggregate 
composition  and  each  of  the  asphalts.  Speci- 
mens   for    mixtures    containing    each    asphalt 
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were    molded   ;il    teinperatures   at    which   the 

cosity  of  (i  poises,  and  the 

specimens    were    tested    at    temperatures    at 

which    the    viscosity    was    1.100   poises.     This 

nphasized  the  fact   that   the  stability 

strongly  influenced  by  the  viscous  resis- 

he  binder. 

Influence  of  Rheological  Charac- 
teristics of  Binder  on  Mechanical 
Properties    of    Bitumen-Aggregate 

Mixtures 

In  1953,  Neppe  (8)  reported  the  results 
,,!'  compressive  strength  tests  on  mixtures 
made  with  aggregate  of  one  type  and  grading 
and  with  10  asphall  cement-  having  different 
penetration  grades  and  rheological  properties. 
The  author  calculated  stabilities  from  the 
times  required  for  the  specimens  of  tin-  mixture 
to  deform  by  predetermined  amounts  during 
the  application  of  a  compressive  load  that 
was  being  increased  at  a  uniform  rati-.  The 
test,  were  made  at  77°,  104°,  122°,  and  140°  F. 
for  each  asphalt  mixture.  The  viscosities 
of  the  asphalts  were  determined  at  several 
temperal  ures. 

The  author's  primary  purpose  in  this  article 
was  to  show  the  usefulness  of  his  "Softening 
Point  Number"  as  a  characterization  factor 
fur  determining  the  influence  of  rheological 
characteristics  of  the  hinder  on  mechanical 
properties  of  mixtures.  However,  he  also 
reported  the  effect  of  the  viscosity  of  the 
asphalt  on  compressive  strengths  of  the  mix- 
tures. A  summary  of  the  study  included 
the    following    information: 

•  The  results  for  compressive  strengths  at 
77°     F.    showed    no     marked     differentiation 


Mixture  Preparation 

The  aggregates  for  the  gravel  and  stone 
mixtures  for  the  compression  lest  were  sepa- 
rated on  various  coarse  and  fine  sieve  sizes,  in- 
cluding the  200  mesh.  Portions  of  each  size 
were  thin  recombined  to  meet  predetermined 
gradations  in  batches  of  sufficient  amounts 
to  mold  two  specimens.  Similar  test  batches 
for  the  sand  mixture  were  prepared  by  com- 
bining concrete  sand,  sheet  asphalt  sand,  and 
limestone  dust  in  definite  proportions.  All 
batches  of  aggregates  were  heated  overnight  in 
a  forced  draft  oven  at  325°  F.  The  asphalt  for 
each  batch  was  prepared  by  putting  a  slight 
excess  of  the  amount,  required  per  batch  in  a 
sealed,  8-0unce  tin  that  then  was  placed  in  a 
300°  F.  oven  45  minutes  prior  to  the  asphalt's 
being  blended  with  the  heated  aggregate.  The 
required  amount  of  asphalt  was  added  to  the 

aggregate    in    a    i lined    Hobart    mechanical 

mixer  and  the  materials  were  mixed  for  2 
minutes.  Each  batch  contained  slightly 
more  mixture  than  that  required  for  two, 
3-inch  by  3-inch  cylindrical  Specimi  ti 
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between  mixtures  prepared  either  from  bitu- 
mens of  low  or  high  Softening  Point  Number. 

•  The  mechanical  stability  of  a  bituminous 
mixture  at  any  temperature  is  approximately 
a  direel  function  of  the  log  log  viscosity  of 
the  contained  binder  at  that  temperature 
and  is  independent  of  the  source,  nature, 
and    proportion    of    the    latter    constituent. 

•  The  fluidity  characterization  factor,  which 
is  the  numerical  difference  of  log  log  viscosities 
at  77°  F.  and  275°  F.  multiplied  by  100  was 
shown  to  be  directly  proportional  to  the 
Softening  Point  Number.  The  authors  con- 
cluded that  the  Softening  Point  Numbers 
must  also  give  a  direct  measure  of  the  tem- 
perature-susceptibility  of   bitumens. 

Relationship  Between  Unconfined 
Compressive  Strength  of  a  Bitumi- 
nous Mixture  and  J'iscosity  of  the 
Binder 

In  1958  Wood  and  Goetz  (9)  used  a  com- 
pressive   strength    test    to    Study    the    effect    of 

asphalt  viscosity  on  mixture  stability.  One 
of  the  two  objectives  of  this  research  was  to 
determine  the  relation  between  the  viscosity 
of  flic  binder  and  compressive  strength  of  a 
mixture  at  several  teinperatures  and  rates  of 
shear.  The  parallel-plate  microviscometer 
was  used  to  determine  the  viscosities  at 
40°  F.,  100°  F.,  and  140°  F.  over  a  range  of 
shear  rates  for  four  asphalts  from  different 
sources.  Sheet  asphalt  mixtures  composed  of 
74  percent  sand,  1 7  percent  filler  (material 
passing  the  No.  200  sieve)  and  0  percent 
asphall  were  prepared  with  each  of  the  four 
asphalts.  Specimens  2  inches  in  diameter 
and  4  inches  in   height  were  molded  by  the 


APPENDIX  II 
Compression  Test  Procedure 

Molding  Procedure 

After  being  mixed  fhe  amount  of  material 
required  to  mold  one  specimen  was  trans- 
ferred to  a  heated  mold.  The  bowl  with  the 
remaining  mixture  was  placed  in  the  325°  F. 
oven  for  approximately  three  minutes,  after 
which  the  second  specimen  was  molded.  For 
each  specimen,  the  mixture  in  the  heated 
mold  was  spaded  once  around  the  jnside  of  the 
mold,  then  subjected  t;>  a  3.000  p.s.i.  compac- 
tion load  thai  was  held  for  two  minutes  by 
use  of  the  double-plunger  technique. 

Test  Procedure 

After  removal  from  the  molds  the  specimens 
were  allowed  to  cool  to  room  temperature 
and  then  were  placed  in  a  forced-draft  oven 
at  140°  F.  for  24  hours.  The  specimens  were 
then  cooled  overnight  at  room  temperature 
and  the  bulk  specific  gravity  of  each  was 
determined  by  use  of  the  water  displacement 
method.     The   air    voids   were   calculated   on 
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double-plunger  method.  Compressive  strengt 
tests  were  made  at  40°  F.,  100°  F.,  and  140°  I 
at  three  rates  of  deformations.  Relationship 
between  viscosity  and  maximum  compressiv 
strength  at  different  shear  rates  were  detei 
mined.  Conclusions  drawn  from  the  stud, 
were: 

•  The  shear  rate  has  a  very  marked  effec 
on  viscosity  of  some  asphalts  and  little  effec 
on  others.  The  effect  of  shear  rate  on  viscosii 
also  varies  with  temperature. 

•  A  plot  of  log  compressive  strength  versl 
temperature  gives  a  simple  means  of  evaluat  i 
ing  the  temperature-susceptibility  of  mixtures 

•  No  direct  relationship  was  found  betweei 
compressive  strength  of  sheet  asphalt  mixture] 
and  the  viscosity  of  the  contained  asphalt  evei 
though  fhe  effects  of  shear  rate  were  fakei 
into  consideration.  This  indicated  that  fac 
tors  other  than  viscosity  of  the  binder  have  ar 
effect    on   mixture  strength. 

Effects  of  Viscosity  in  Bituminous   ' 
Construction 

In  a  paper  presented  at  the  1961  annual 
meeting  of  ASTM,  Verdi  Adam  (15)  showed 
the  effect  of  asphalt  viscosity  on  the  Marshall 
stability  of  an  asphalt  concrete  mixture  fronJfM 
tests  in  which  several  different  asphalts  had 
been  used.  The  four  asphalt  cements  used 
in  his  tests  varied  from  00-70  to  120-150 
penetration  at  77°  F.  The  furol  viscosity  of 
these  asphalts  at  140°  F.  varied  from  3.5X10' 
to  3.6  X105  (determined  by  conversion  from 
absolute  viscosity  at  140°  F.).  The  author 
showed  that  a  good  relationship  existed  be- 
tween furol  viscosity  and  Marshall  stability 
both  at  140°  F.,  for  the  different  asphalts." 
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the  basis  of  effective  specific  gravity  of  the 
aggregate  determined  by  the  Rice  vacuum 
sat  uration  method.  The  specimens  were 
placed  in  air  baths  controlled  at  the  various 
test  temperatures  indicated  in  table  4.  In 
general,  the  time  in  the  air  bath  was  one-half 
hour  more  than  that  required  for  a  dummy 
specimen  to  reach  the  desired  test  temperature, 
which  was  measured  with  a  thermocouple 
inserted  in  the  center  of  the  specimen.  The 
bearing  blocks  of  the  testing  machine  were 
also  placed  in  the  air  baths  to  bring  them  to  the 
test  temperature.  The  compressive  strengths 
of  the  specimens  were  determined  at  a  loading 
rate  of  0.15  inches  per  minute.  Each  of  the 
compressive  strengths  and  specific  gravities 
given  in  table  4  is  the  average  result  for  four 
duplicate  test  specimens. 


(References  for  this  article  are  listed  on  page  m.) 
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long-Range  Research  and 
Development  Program  for 

Individual  Transportation  Systems 


3Y  THE  OFFICE  OF 

\esearch  AND  DEVELOPMENT 

3UREAU  OF  PUBLIC  ROADS 

Introduction 

DTJR  PRESENT  highway  transportation 
system  is  highly  effective  for  individual 
ransportation.  It  serves  the  needs  and 
esires  of  individuals  very  well.  But  com- 
lacency  is  dangerous  in  view  of  our  rapidly 
hanging  technology  and  ever-increasing 
fcandard  of  living.  The  Interstate  Highway 
ystem,  when  completed  in  1972,  is  expected  to 
lleviate  congestion,  to  decrease  travel  time 
etween  origin  and  destination,  and  to  con- 
ribute  to  an  increase  in  safety,  comfort,  and 
onvenience  for  travelers.  But  it  is  important 
3  look  beyond  the  completion  of  the  Interstate 
ystem.  This  Nation  must  keep  ahead  of  the 
ontinually  changing  demands  by  improving 
.s  transportation  systems  to  satisfy  in- 
ividuals  needs  in  the  future. 

It  should  be  remembered  that  the  Inter- 
.ate  System,  as  now  being  constructed,  is  the 
ulmination  of  research  and  development  that 
as  started  more  than  a  generation  ago. 
'o  meet  the  needs  of  the  future,  it  is  necessary 
intensify  our  research  and  development 
forts  by  utilizing  new  technology  in  a 
Dordinated  and  integrated  fashion.  Hence, 
le  Bureau  of  Public  Roads  is  proposing  the 
mg-range  research  and  development  program 
)r  individual  transportation  systems  de- 
;ribed  in  this  article. 

A  recent  statement  by  Robert  F.  Baker, 
lirector  of  the  Office  of  Research  and  Devel- 
pment,  Bureau  of  Public  Roads,  summarized 
lis  long-range  program  well: 

"The     accelerating     requirements     of     the 

'*  lation  make  clear  that  a  systematic,  energetic 

^search  and  development  program  is  essential 

the    optimum    transportation    system    to 

leet  these  needs  is  to  become  a  reality.    This 

'"  rogram   will    define    a    range    of   alternative 

o  ransportation    system    concepts    that    offer 

11  tabstantial   improvements   over   present  con- 

,epts.    Initially,  the  program  will  consist  of  an 

itensive    systems    analysis    to    develop    the 

:  asic   criteria  governing   the   performance   of 

ny  system  of  individual  transportation.    The 


- 


By  i   RICHARD   C.   HOPKINS,    RICHARD    M.    MICHAELS, 

F.   WILLIAM   PETRING,   CURTIS   L.   SHUFFLEBARGER,   JR., 

DAVID  SOLOMON,  and  ASRIEL  TARAGIN, 

Traffic  Operations  Research  Division 


Public  Roads  officials  believe  that  the  Nation's  increasing  standard  of  living 
and  its  rapidly  changing  technology  require  thai  a  research  program  be  under- 
taken to  develop  individual  transportation  systems  to  fulfill  future  requirements. 
To  meet  this  need,  Public  Roads  has  proposed  the  long-range  research  and 
development  program  for  individual  transportation  systems  described  in  I  his 
article.  The  need  for  the  program  and  its  objectives  are  spelled  out;  and  the 
three  phases  envisioned  are  outlined:  Systems  analysis,  research  and  develop- 
ment, and  prototype  testing. 

The  systems  analysis  phase  ivill  determine  the  basic  criteria  governing  tin- 
performance  of  any  system  of  individual  transportation  and  will  develop  a  general 
systems  concept.  Because  the  systems  analysis  phase  will  provide  the  frame- 
work for  the  other  two  phases  of  the  program,  a  detailed  discussion  of  this 
important  first  phase  is  presented. 

Ultimate  objective  for  the  total  program  is  the  determination  of  the  most 
promising  integrated  systems  concepts  as  a  basis  for  completion  of  the  research 
from  which  a  prototype  or  prototypes  of  individual  transportation  systems  can 
be  developed  for  evaluation. 

The  long-range  research  and  development  program  for  individual  transpor- 
tation systems  will  not  be  accomplished  in  a  short  period  of  lime  or  by  any  one 
agency.  Public  Roads  has  formulated  the  general  plan  and  proposes  to  under- 
take the  initial  phases  of  the  program.  As  the  program  develops,  it  is  anticipated 
that  there  will  be  participation  by  the  States),  industry,  and  other  interested 
groups. 


1  Presented  before  the  special  committee  on  Electronic 
iesearch  in  the  Highway  Field  at  the  42d  annual  meeting 
fthe  Highway  Research  Board,  Washington,  D.C..  January 
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ultimate  objective  of  the  program  will  be  to 
determine  the  optimum  integrated  systems 
concepts  and  to  perform  the  research  needed 
to  develop  prototypes  for  field  evaluation." 

To  initiate  the  first  phase  of  the  program, 
the  systems  analysis,  a  set  of  specifications 
has  been  prepared  by  the  Bureau  of  Public 
Roads  after  consideration  of  the  many 
alternatives  suggested  by  industry,  university, 
and  other  transportation  specialists.  The 
long-range  research  and  development  program 
for  individual  transportation  systems  will 
not  be  accomplished  in  a  short  period  of  time 
or  by  any  one  agency.  Public  Roads  has 
formulated  the  general  plan  and  proposes  to 
undertake  the  initial  phases  of  the  program. 
As  the  program  develops,  it  will  broaden  to 
include  participation  by  the  States,  industry, 
and  other  interested  groups. 

Need  for  the  Program 

The  program  described  in  this  discussion  has 
been  evolved  from  an  examination  of  individ- 
ual transportation;  that  is,  systems  designed 
for  individuals  to  move  themselves  or  their 
possessions    under   their   own    control.      This 


examination  was  especially  related  to  the  ways 
in  which  individual  transportation  may  signifi- 
cantly change  to  meet  the  needs  and  require- 
ments of  a  society  that  is  itself  undergoing 
rapid  change.  The  program  was  developed 
because  of  the  recognition  that  no  transporta- 
tion system  can  be  permitted  to  drift,  with  t  lie 
hope  that  it  will  be  adequate  indefinitely.  No 
society  so  dependent  on  personal  mobility  as 
ours  can  afford  such  luxury.  Hence,  this  pro- 
gram is  concerned  with  the  long-range  future 
of  individual  transportation. 

It  is  obvious  from  any  examination  of  the 
highway  transportation  system  that  the  pur- 
poses  for  which  it  exists  do  not  depend  upon 
the  peculiar  physical  characteristics  of  that 
system.  Highway  transportation  arose  out  of 
random  invention  and  has  developed  ;<  a 
system  in  large  measure  by  trial  and  error.: 
The  ultimate  reason  for  the  dominance  of  the 
highway  transportation  system  over  other 
transportation  systems  lies  in  the  fact  that  it 
better  meets  the  needs  of  people  for  movement 
today.  As  shown  in  figure  1,  highway  trans- 
portation offers  the  individual  the  freedom  to: 
(1)  adapt  his  travel  to  a  set  of  time  criteri:i  de- 
termined by  himself,  (2)  expand  the  area  that 
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SELF-DETERMINED 
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Figure    1. — Objective    of   individual    trans- 
portation. 

he  can  use  to  satisfy  his  particular  needs,  and 
(3)  schedule  travel  according  to  his  own  plan 
and  order  of  priority.  Therefore,  regardless  of 
the  mechanical  methods  employed,  the  ob- 
jective of  any  system  of  individual  transporta- 
tion is  to  provide  maximum  freedom  of  move- 
ment so  that  the  greatest  possible  number  of 
people  may  satisfy  their  independent  and 
individual  needs  for  travel  and  for  movement 
of  goods. 

Highway  Transportation  Only 
One  Concept 

It  should  be  recognized  that  highway  trans- 
portation is  only  one  possible  system  concept 
of  a  tremendous  variety  of  possible  concepts 
that  can  be  employed  for  individual  trans- 
portation. Figure  2  shows  it  to  be  only  one 
system  of  a  surface-space  transportation  con- 
cept. An  air-space  concept,  of  which  the 
ground-effects  systems  are  an  example,  also 
can  be  conceived.  Also  possible  is  a  time- 
space  concept,  of  which  closed-circuit  televi- 
sion is  an  example.  In  addition,  there  may 
be  other  concepts  that  have  not  been  con- 
sidered, as  well  as  systems  formed  of  combi- 
nations of  all.  Consideration  of  these  concepts 
poses  questions  as  to  whether  (1)  systems 
embodying  them  are  technologically  possible; 
(2)  how  the  alternatives  are  to  be  defined; 
and  (3)  how  determinations  can  be  made  as 
to  the  feasibility  of  these  concepts,  and  whether 
the  resultant  transportation  systems  would 
offer  measurable  improvement  over  the  high- 
way transportation  system  now  available. 
Many  answers  to  these  questions  have  been 
and  are  being  suggested.  Most,  although 
not  all,  suggest  modifications  of  the  present 
highway  transportation  system.  Some  of  the 
other  answers  include  suggestions  for  pallet 
systems  or  ground-effect  systems. 

Highway  transportation,  which  may  be 
considered  as  a  system  because  it  operates  as 
the  result  of  the  interaction  of  the  three  ele- 
ments of  driver,  vehicle,  and  highway,  has 
stimulated  suggestions  interesting  because 
of  their  emphasis  on  one  aspect.  Almost  all 
suggested  modifications  have  pertained  to  the 
driver  or,  stated  more  generally,  the  control 
mechanism.  Suggestions  have  ranged  from 
driverless  automobile  systems  to  complex 
communication  systems. 

Although  improvement  of  the  existing 
system  by  use  of  sophisticated  electronics  or 
mechanical  means  in  the  control  subsystem  is 
necessary,  it  is  frankly  not  known  whether 
simply  superimposing  various  devices  on 
highway  transportation  can  ever  meet  the 
long-term    needs    for    individual    movement. 
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For  example,  is  the  control  of  the  vehicle 
now  so  poor  that  new  control  systems  must 
be  added?  If  so.  what  kinds  of  systems? 
Shall  there  be  a  large  central  computer,  which 
controls  groups  of  vehicles  by  telemetry,  or  a 
small  one  located  in  the  vehicle?  Technolog- 
ically, use  of  any  of  these  techniques  is  pos- 
sible, but  which  is  the  most  efficient  technique 
and  how  can  efficiency  be  defined?  Which 
technique  is  most  reliable  and  how  is  its 
reliability  to  be  measured?  Which  technique 
is  the  safest  and  how  can  its  safety  be  proved? 
Further,  can  an  optimum  solution  to  the 
problem  be  obtained  without  consideration  of 
the  design  of  other  aspects  of  the  highway 
transport  system?  What  of  the  vehicle? 
Can  the  existing  vehicle  be  modified  or  can  a 
novel  one  be  substituted  that  could  be  con- 
trolled more  easily  or  more  economically? 
Can  the  highway  be  designed  to  eliminate 
control  problems?  Each  of  these  separate 
questions  may  be  answrered  in  one  way  or 
another.  However,  it  is  becoming  increas- 
ingly obvious  that  over  the  long  run,  a  signifi- 
cantly improved  system  cannot  be  obtained 
by  treating  its  parts  separately.  To  achieve 
a  radically  improved  system  of  individual 
transportation,  a  complete  and  integrated 
system  must  be  conceived,  designed,  and 
developed.  This  cannot  be  done  by  arbi- 
trarily pursuing  any  one  particular  electronic 
or  mechanical  technique.  Although  this 
approach  has  been  the  historical  precedent, 
such  a  procedure  precludes  valid  comparisons 
and  objective  choices  among  the  many  possible 
alternatives. 


Limitations  of  Arbitrary  Approach 

The  limitations  of  pursuing  one  electronic 
or  mechanical  technique  become  very  evident 
from  a  brief  analysis  of  some  proposed  solu- 
tions to  the  control  problem.  For  example, 
as  indicated  in  figure  3,  induction  radio  has 
been  developed  and  is  being  suggested  as  a 
means  for  transmitting  control  information  to 
the  driver  or  his  equivalent.  Another  sug- 
gested solution  involves  a  system  of  detector 
units  placed  in  the  roadway  that  would  form 
electronic  blocks  for  the  location  of  vehicles. 
However,  it  should  be  obvious  that  to  use 
either  of  these  devices  in  this  manner  would 
imply  that  a  whole  set  of  decisions  had  been 
made  about  the  nature  of  the  control  problem 
and  its  solution.  Thus,  the  use  of  induction 
radio  techniques  would  imply  *a  decision  to 
use  a  system  of  radio  frequency  for  in- 
formation transmission  rather  than  some 
kind  of  pavement-coding  system.  It  would 
also  imply  that  a  decision  has  been  made 
about  telemetry  and  radar.  In  addition,  a 
decision  to  use  induction  radio  rather  than  a 
specialized  central  computer  system  would 
indicate  a  conclusion  that  in-auto  computers 
are  the  way  to  solve  the  control  problem. 
Finally,  all  of  these  decisions  clearly  would 
assume  that  electronic  methods  should  be 
used  to  resolve  the  control  problem. 

However,  within  current  limits  of  under- 
standing of  the  true  nature  of  the  control 
problem,  can  mechanical  methods  of  solution 
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Figure     2. — Highway     transportation — on 
system  for    individual    transportation 


be  ruled  out?  Further,  can  the  current  soli 
tion  to  system  control — the  human — be  rule 
out?  After  all,  the  human  has  capabilitie 
that  are  difficult  to  rival  mechanically.  Fc 
example,  the  human  can  detect  anguh 
velocities  as  low  as  5X10~5  radians/sec 
he  can  discriminate  differences  in  fr<| 
quency  to  an  accuracy  of  0.2  percent;  t 
can  estimate  position  relative  to  himself  wrn 
an  accuracy  of  1  percent.  These  capability 
not  only  are  unusually  good  but  cost  nothir 
to  produce. 

This  discussion  of  just  one  aspect  of  tl  ¥ 
highway    transportation    system    shows    tli  i 
tremendous  complexity  of  the  problem  and  th 
dangers   that   may   arise   from   the   arbitrary 
choice  of  one  type  of  solution.     This  dangf  '•'• 
obviously  applies  to  all  the  other  aspects  <i 
the    system.     To    operate    in    this    arbitrar 
fashion  would  minimize  the  chances  of  ev( 
knowing  whether  an  efficient  system  had  bee]  "' 
selected. 

The  problem  of  individual  transportatio 
can  be  resolved  only  through  a  systemat 
analysis  that  starts  from  the  essential  require 
ments  that  any  system  must  have  to  meet  tl 
objectives  of  individual  transportation.  Onl 
from  such  an  objective  analysis  can  measure 
be  developed  to  rationally  evaluate  altera; 
tive  physical  means  so  that  the  most  effectiv 
systems  may  be  selected.  To  achieve  th 
selection  a  comprehensive  and  integrate 
program  of  research  and  development 
required.  Such  an  approach,  which  is  tl 
modern  systems  engineering  approach,  is  tl 
one  that  the  Bureau  of  Public  Roads  proposi 
to  use  in  the  solution  of  the  long-ran^ 
problems  in  individual  transportation. 


The  Program 

The  proposed  program  consists  of  thre  „ 
phases  as  shown  in  figure  4.  The  first  phas  ,,,f] 
is  a  systems  analysis,  which  will  provide 
framework  for  the  next  phase — an  intensiv 
eesearch  and  development  effort — aimed  I 
producing  in  the  third  phase  one  or  moi 
prototypes  for  testing.  The  initial  phase 
the  program,  the  systems  analysis,  is  a  pr( 
cedure  for  defining  a  complex  problem  i 
operational  terms.  In  this  way,  the  problei 
may  be  stated  in  analytical  terms,  thereb 
permitting  the  precise  definition  of  alternative 
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'»are    3. — Possible    solutions     to    control 
problems. 


stems,  which  can  be  designed  and  evaluated. 
kus,  the  systems  analysis  will  form  the 
Imework  for  the  research  and  development 
ase. 

The  research  and  development  phase  of  the 
Dgram  will  encompass  investigations  of  the 
rious  components  of  each  of  the  alternative 
sterns,  particularly  their  interaction.  A 
itinuing  process  of  evaluation  will  be  used 
(determine  whether  the  alternative  systems 
lected  meet  the  required  performance  cri- 
■ia.  Among  other  matters,  economic  con- 
aerations  and  questions  of  reliability  and 
iblic  acceptability  of  the  systems  will  be 
/estigated.  After  evaluation  and  research 
rve  been  done,  an  intensive  development 
ort  is  expected  to  make.it  possible  to  pro- 
le one  or  more  prototype  systems  for  testing. 
Research,  development,  and  evaluation 
11  be  a  continuous  and  simultaneous  process 
d  considerable  interaction  is  expected  among 
ese  activities.  From  these  feedback  proc- 
ses,  it  becomes  apparent  that  the  research 
d  development  phase  will  be  modified  as  the 
stems  analysis  proceeds.  Likewise,  the 
stems  analysis  will  provide  a  general  but 
xible  framework  for  the  research  and  de- 
lopment  phase. 

The  third  phase  of  the  overall  program  will 
nsist  of  testing  one  or  more  prototypes  that 
,ve  been  produced  during  the  research  and 
velopment  phase.  This  testing  will  be 
idertaken  on  a  proving  ground  before  the 
ototype  is  subjected  to  field  tests.  Again, 
ere  will  be  feedback  between  proving  ground 
id  field  tests. 

Similarly,  the  three  phases  of  the  overall 
ogram  are  interdependent;  and,  as  men- 
Dned  earlier,  the  research  and  development 
aase  will  undoubtedly  be  modified  from  that 
hich  is  initially  selected.  Thus,  the  systems 
lalysis  will,  in  effect,  be  modified  as  research 
[id  development  proceeds.  Similarly,  modi- 
bation  also  will  occur  from  research  and 
■velopment  to  prototype  testing.  It  is, 
lerefore,  conceivable  that  feedback  from 
■ototype  testing  to  the  systems  analysis  could 
svise  the  initial  systems  concept. 

THE  SYSTEMS  ANALYSIS 

i  The  first  phase  in  fulfilling  the  objective 
lei :  this  long-range  program  is  to  conduct  an 
,>b  i  tensive  systems  analysis  Because  the 
j( /stems  analysis  is  so  important  in  providing 
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direction    for   the   overall   program,    the   re- 
mainder of  this  article  will  be  devoted  to  it. 

Systems  analysis  is  described  as  the 
definition  of  a  problem  in  operational  terms, 
which  then  permits  formulation  of  a  systems 
concept.  The  problem  is  individual  trans- 
portation, and  the  goal  is  to  define  this  trans- 
portation system,  formulate  requirements  for 
it,  evaluate  and  select  the  most  promising 
systems  concepts,  and  plan  for  the  subsequent 
phases. 

This  systems  analysis  will  be  essentially  a 
theoretical,  analytical  effort  by  a  team  of 
engineers  and  systems  analysts.  It  will  not 
involve  physical  hardware  or  its  application. 
It  will  involve  the  general  or  abstract  prin- 
ciples of  individual  transportation.  It  will 
formulate  mathematical  models  that  present 
a  clear,  systematic  picture  of  individual 
transportation. 

This  will  be  the  first  time  that  such  a  com- 
prehensive systems  analysis  of  a  transporta- 
tion system  has  been  undertaken.  Its 
output  will  provide  a  better  understanding 
of  the  overall  problem,  a  logical  grasp  of 
the  most  promising  concepts,  and  identifi- 
cation  of  critical  areas   of  needed   research. 

Figure  5  shows  that  the  analysis  will  con- 
sist of  three  parts — a  definition  of  performance 
requirements  that  the  system  must  meet,  the 
formulation  of  a  generalized  system  concept, 
and  a  description  of  the  alternative  systems 
that  may  be  derived  from  the  generalized 
concept.  The  first  two  steps  will  constitute 
a  purely  theoretical  study.  The  general 
model  or  concept  of  individual  transporta- 
tion to  be  formulated  will  be  the  most  impor- 
tant, single  product  of  this  effort.  The 
alternative  systems  shown  at  the  bottom  of 
figure  5  will  then  follow. 

At  this  point  it  should  be  added  that  the 
relevant  user  categories  that  one  thinks  of  today 
will  be  considered  in  the  systems  analysis. 
These  categories  are  the  transportation  of 
individuals;  the  mass  transportation  of  people, 
covering  also  the  movement  from  origin  to 
the  mass  transport  vehicle  and  from  such  a 
vehicle  to  a  destination;  and  the  transporta- 
tion of  freight  together  with  the  special  char- 
acteristics that  such  transportation  requires. 

Performance  Requirements 

As  the  first  step — definition  of  perform- 
ance requirements — a  preliminary  set  of 
system  requirements  must  be  drafted  in  the 
early  stages  of  this  analysis.  Such  require- 
ments will  be  the  "guide  posts"  for  the  basic 
evaluation  of  proposed  systems.  It  should 
be  understood  that  they  are  preliminary, 
however,  for  they  will  be  continually  modi- 
fied as  the  program  progresses.  Experience 
has  shown  that  formulation  of  these  require- 
ments is  a  process  of  achieving  a  harmonious 
balance  between  practical  means  and  ideal 
goals.  A  sound  requirements  statement  is 
therefore  an  end  product  of  the  systems 
analysis  even  though  in  preliminary  form  it 
is  used  for  guidance  of  the  study  itself. 

The  statement  of  performance  require- 
ments will  define  performance  criteria  that  are 
the  measures  by  which  individual  transporta- 
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Figure  i. — The  three  interrelated  phases  in 
the  long-range  research  and  development 
program  for  individual  transportation 
systems. 


tion  can  be  judged.  It  will  also  define  the 
variables  or  quantities  of  such  a  system  and 
their  range  of  values.  Some  examples  of 
criteria  might  be  the  probability  of  collision, 
the  predictability  of  position,  or  the  travel 
time  between  origin  and  destination.  There 
may  be  many  others  similar  to  these.  There 
may  be  other  ways  of  specifying  them.  How- 
ever, the  criteria  must  define  the  system  on  a 
complete  and  rational  basis.  The  variables, 
and  their  operating  ranges  may  include  such 
items  as  speed,  flow  rate,  and  size  of  vehicle. 
Again  these  are  only  examples  of  the  quali- 
ties that  describe  the  operation  of  a  gen- 
eralized concept. 

Looking  to  the  formulation  of  the  general- 
ized system  concept,  it  should  be  noted  that 
this  concept  is  still  completely  theoretical  and 
will  be  based  on  the  performance  require- 
ments to  be  developed. 

First,  an  examination  will  be  made  of  the 
essential  elements  or  components  of  any 
transportation  system.  These  components 
include  the  vehicle,  an  operating  medium,  the 
control  logic,  and  the  human.  The  human, 
of  course,  must  be  considered  both  as  a  part 
of  the  control  logic  and  as  a  system  user. 
In  each,  there  are  various  alternatives  that 
might  be  listed  in  the  light  of  present  and 
future  technology.  The  interaction  of  these 
four  elements  is  highly  critical. 

Then  operating  rules  will  be  generated. 
These  are  to  be  the  bases  by  which  may  be 
specified  the  characteristics  of  individual 
transportation  in  terms  of  the  performance 
criteria  and  system  variables.  These  are  the 
theoretical  expressions  of  a  generalized  sys- 
tems concept.  The  operating  rules  may  be 
expressed  as  a  set  of  equations  and  the  vari- 
ables could  then  be  related  in  such  a  way  as 
to  meet  the  defined  performance  criteria. 
Thus,  it  could  be  that  a  description  of  indi- 
vidual transportation  would  be  stated  as  a 
set  of  mathematical  functions. 

Once  this  generalized  framework  for  indi- 
vidual transportation  has  been  developed, 
any  combination  of  vehicle,  operating  medium, 
and  control  logic  can  be  tested.  Ultimately, 
one  or  several  of  the  possible  combinations 
that  best  satisfy  these  equations  will  be  chosen 
for  more  intensive  analysis.  This  is  not  a 
simple  straightforward  procedure;  there  must 
be  feedback  and  interaction  among  the  various 
steps.  The  generated  operating  rules  and  the 
several  alternative  solutions  will  point  to  the 
competence  of  the  original  performance  re- 
quirements. Conversely,  the  continuous  re- 
finement of  this  performance  statement  must 
be  accurately  reflected  in  the  operating  rules. 
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Because  this  feedback  process  is  of  such 
vital  importance  to  a  systems  analysis,  the 
analysis  can  become  extremely  complex,  par- 
ticularly when  dealing  with  a  system  so  en- 
compassing as  individual  transportation. 
Moreover,  the  systems  analysis  will  form  the 
basis  for  the  entire  long-range  research  and 
development  program.  Hence,  it  is  evident 
that  the  systems  analysis  should  be  done  as  a 
single  operation  in  order  to  provide  a  solid 
framework  around  which  all  succeeding  steps 
can  be  taken. 

Precaution  must  be  taken  to  avoid  initial 
error,  because  any  concept  adopted  and  im- 
plemented would  undoubtedly  involve  a  sig- 
nificant portion  of  our  national  effort.  To 
prevent  hasty  judgment  and  preselection  of 
the  most  obvious  (or  any  other)  form  of  indi- 
vidual transportation  as  the  "only"  solution, 
it  is  desirable  to  explore  all  alternative  con- 
cepts  that  could  possibly  meet  the  same  ob- 
jectives. Therefore,  the  systems  analysis 
must  investigate  feasibility  from  broad  view- 
points and  determine  the  detailed  technical 
concepts  worthy  of  further  research,  develop- 
ment, and  evaluation.  It  will  define  various 
alternative  system  concepts,  bring  them  into  a 
common  analytical  frame  of  reference,  and 
compare  their  relative  effectiveness. 

One  result  of  the  systems  analysis,  inci- 
dentally, might  be  to  indicate  that  modifica- 
tion of  the  existing  system  is  the  optimum  way 
to  proceed  in  the  research  and  development 
phase.  But,  if  this  is  the  case,  it  will  be 
clearly  established  that  other  alternatives 
have  been  investigated  and  rejected,  and  the 
reasons  for  such  rejection  will  be  detailed. 
Thus,  if  has  been  shown  that  by  a  systems 
analysis  of  the  criteria,  the  variables,  and  the 
components,  one  arrives  at  a  theoretical 
expression  of  individual  transportation.  For 
the  firsl  time  there  will  be  a  comprehensive 
model  of  a  major  transportation  medium  from 
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which  to  select  optimum  solutions.  This 
generalized  concept  will  permit  the  prelimi- 
nary testing  of  many  individual  system 
combinations  and  the  selection  of  those  that 
best  satisfy  the  general  expressions. 

The  Alternative  Systems 

It  has  been  shown  that  the  three  interde- 
pendent operations  illustrated  in  figure  5  com- 
prise a  theoretical  systems  analysis.  A  gen- 
eral procedure  was  outlined  for  defining  the 
performance  requirements  and  formulating  a 
generalized  system.  Now  the  third  operation, 
the  description  of  alternative  systems  will  be 
discussed.  However,  these  three  operations 
are  interdependent  and  must  therefore  be 
undertaken  as  a  carefully  coordinated  effort. 

By  way  of  definition,  an  alternative  system 
is  the  combination  of  operating  components 
that  will  accomplish  a  given  objective  in  an 
acceptable  manner.  In  this  case,  describing 
an  alternative  system  means  proposing  a  com- 
plete solution  to  the  problem  of  improving 
individual  transportation.  By  this  process, 
several  alternative  systems,  not  just  one,  may 
evolve.  But,  a  properly  conducted  systems 
analysis  will  produce  the  minimum  number 
of  maximum  efficiency  systems.  Each  system 
will  be  complete,  and  each  system  can  be 
accurately  described. 

These  alternative  systems,  as  shown  in  fig- 
ure 6,  obviously  cannot  be  named  at  this  time. 
However,  they  might  include  such  systems  as 
the  oft  referred  to  but  so  far  vaguely  described 
"automated  highway."  One  system  might  be 
a  conveyor  belt  highway  and  another  might 
be  some  form  of  pneumatic  tube  transport. 
Or,  with  visions  on  the  horizon  of  the  possi- 
bilities of  the  future,  one  system  may  utilize 
airborne  vehicles  guided  by  laser  beams  and 
propelled    by    the   energy    received    from   the 


lasers.    Other  systems  concepts  will  comp 
some  n  number  of  alternatives. 

As  shown  in  figure  6,  there  will  be  a  desc: 
tion  of  the  operating  characteristics  of  e 
alternative  system,  which  will  describe  1 
the  components  within  that  system  inter: 
The  subsystems  of  which  any  system  must 
comprised  will  be  described  from  all  aspe 
In  this  description,  consideration  of  the  ei 
ronment  will  include  analyzing  the  feati 
of  the  areas  through  which  the  system  it] 
will  operate,  such  as  the  land  areas  of  the  b  | 
ness  district,  the  city,  the  suburbs,  and 
rural  areas.  It  will  also  include  solutions 
those  problems  of  entrance,  exit,  and  stor 
of  vehicles  within  the  system.  And,  of  cou 
it  will  describe  the  effects  of  environmei 
problems  such  as  weather. 

The  subsystems  will  be  described  from 
viewpoints   of  the   various   user   groups, 
these,  the  largest  group  will  consist  of  t  h 
who  are  desirous  of  improved  personal  tra 
portation.     But  full  consideration  will  also 
given  to  that  group  of  individuals  who  w 
to  join  with  others  to  share  improved  m 
transportation;  and  to  a  third  group,  wl 
will  include  those  individuals  who  desire 
improve  the  movement  of  freight.    There 
also  be  a  description  of  the  probability  of 
ceptance  of   each   given    alternative   syst 
This  may  well  be  based  on  a  descriptioi 
its  comparability  with  the    present  high 
system  or  it  may  use  some  other  datum 
evaluation.      It  will,  of  course,  include  a  c\ 
plete  description  of  the  readjustment  nei 
sary  in  our  economy  to  accept  the  new 
proposed  systems. 

Figure  6  also  shows  the  four  categoric! 
basic  components  in  any  transporta' 
system:  the  vehicle,  the  operating  medi; 
the  control  logic,  and  the  human.  C 
interconnection  must  exist  among  all  fou 
these  component  categories.  It  is  not  fea>, 
to  develop  one  of  the  components  without 
consideration  of  the  others. 

The  vehicle  will  be  considered  as  a  conta 
for  that  which  is  to  be  transported.     In  el 
alternative  system  the  vehicle  will  be  compr 
of  some   combination   of  power  sources 
propulsion  techniques,  as  shown  in  figui  J 
This  2X2  matrix  shows  some  existing  i 
familiar  vehicles.     But  many  other  vehil 
could   be    placed   in   the    matrix.      The 
powered,    externally    propelled    vehicle 
not   exist   at   present.      However,    a   sys' 
analysis  would  generically  describe  new 
unique   vehicles   that   in   concept   may   v. 
use    of   such    techniques,    and    it    is    enti 
possible    that    such    a    vehicle    could   be 
veloped.     The  systems  analysis  will  desc 
the    useful    characteristics    of    the    prop'i 
vehicles  and  contrast  them  with  undesirl 
characteristics  such  as  air  pollution.     Fji 
such  descriptive  comparisons  of  vehicles, 
usefulness   of  each  as   a   system   compoi 
will  become  evident.    These  will  be  general 
rather  than  detailed,  technical  description 

The  operating  medium  of  any  alternsjlv 
system    in    this    systems    analysis    will|: 
described    by    its    features    as    a    "highw 
The  term  highway  is  used  in  the  sense  ofj 
AASHO  definition,  "A  general  term  dene b '".. 

April  1963  •  PUBLIC  RC 


public  way  for  purposes  of  vehicular  travel, 
eluding  the  entire  area  within  the  right-of- 
iy."  As  has  been  mentioned,  the  operating 
edium  of  an  alternative  system  may  well 

the  conventional  highway,  with  or  without 
me  modification.  However,  unconventional 
edia  such  as  the  ground  pathway,  various 
■pes  of  structures,  air,  and  many  others  need 
be  considered  and  compared  for  the 
•scription  of  alternative  systems.  Different 
J.bsystems  possibly  will  require  different 
edia  to  promote  the  most  efficient  movement 

traffic  in  each  particular  area.  The  de- 
ription  of  the  operating  medium  will  also 
dicate  what  provision  must  be  made  for  such 
reign  objects  as  pedestrians,  animals,  and 
bris. 

The  control  logic  of  a  system  is  that  corn- 
nation  of  techniques  and  devices  employed 

regulate  the  operation  of  that  system  and 
outlined  by  the  closed  loop  diagram  shown 

figure  8.  For  each  system,  the  analysis 
11  show  what  information  needs  to  be  ac- 
iired  and  how  it  will  be  obtained.  The 
nception  and  design  of  the  processing  and 
alyzing  equipment  that  will  be  necessary  to 
nvert  these  data  into  operational  decisions 
n  then  be  described.  The  best  means  of 
mmunicating  these  decisions  to  the  mechan- 
il  equipment  or  the  human,  which  will 
anslate  them  into  the  necessary  action,  can 
■  specified.  The  control  logic  loop  is  closed 
j  including  the  reaction,  or  feedback,  which 
ill  detect  and  correct  the  performance  errors, 
be  description  of  the  control  logic  will  also 
elude  such  things  as  the  handling  of  non- 
nforming  vehicles,  failures  in  the  logic  itself 

in  other  parts  of  the  system,  and  the  ac- 
mmodation  of  personal  emergencies. 
It  is  also  evident  that  as  each  alternative 
stem  is  described,  the  role  of  the  human 
ust  be  considered  both  as  an  active  system 
nnent  and  as  a  rider.  No  analysis  need 
sume  the  preconceived  notion  of  complete 
tomation.  The  amazing  ability  of  the 
man  to  accomplish  perceptive  and  control 
sks  has  been  previously  pointed  out.  The 
labilities  and  limitations  of  the  human  will 

studied  and  the  results  of  these  studies 
11  determine  the  areas  where  he  may  be 
ilized  in  guidance  and  control.  The  human 
fcy  well  be  the  monitor  of  an  automated 
stem;  or  the  alternative  system  may  be 
signed  for  human  control  that  is  to  be 
tomatically  monitored.  The  factors  of  fa- 
;ue  and  vigilance  also  will  be  completely 
xdied    and    described    in    each    alternative 

tern. 

The  human  as  a  rider  in  the  system  will 
ve  great  bearing  on  the  acceptability  of  the 

tern.     Studies  of  the  tolerance  of  the  human 


motion  and  to  changes  in  motion  in  all 
!-ections  will,  of  course,  need  to  be  made, 
so,  it  will  be  necessary  to  specify  the  train- 
I  (that  will  be  required  to  fit  the  human  to 
eh  new  system.  These  and  other  human 
aracteristics  will  bear  equally  with  the  other 
mponents  on  the  utility  and  acceptability 
any  system  to  the  potential  user. 
Finally,  a  benefit-cost  analysis  will  complete 
ch  alternative  system  description.  It  is 
a0*ident  that  in  all  areas  it  will  not  be  possible 
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Figure  7. — Various  combinations  of  vehicle 
power  and  propulsion. 

to  indicate  these  items  in  terms  of  dollars. 
However,  where  it  is  not  possible  to  estimate  an 
exact  cost  in  one  alternative,  the  same  base 
of  comparison  will  be  extended  to  the  other 
alternatives.  Of  principal  importance,  how- 
ever, is  that  the  comparative  cost  between 
alternative  systems  be  properly  made.  These 
costs,  of  course,  can  be  categorized  as  initial, 
operating,  and  maintenance,  and  the  benefits 
can  be  identifiable  in  each  system.  Those 
benefits  which  cannot  be  expressed  in  dollars 
and  cents  will  be  expressed  in  such  terms  as 
comfort  and  convenience  to  the  potential  user. 
Thus  out  of  the  systems  analysis  will  come 
a  description  of  alternative  types  of  systems 
that  meet  the  requirements  for  individual 
transportation.  In  addition,  the  systems 
analysis  will  define  the  research  and  develop - 


not 


Figure    8. — Control    logic    considered   as    a 
closed  loop  process. 


ment  needed  to  produce  a  prototype,  as 
shown  in  figure  6.  Included  will  be  a  com- 
plete description  of  the  research  and  develop- 
ment program  needed  to  determine  the 
feasibility  of  and  the  design  requirements  for 
a  prototype  system.  In  addition,  the  cost  of 
the  research  will  be  included  and  the  proba- 
bility of  success  in  producing  a  prototype  for 
testing  will  be  estimated.  It  is  recognized 
that  some  aspects  of  such  a  program  will  be 
only  broadly  identified  in  the  systems  analysis 
phase  but  will  be  detailed  as  research  and 
development  proceeds. 

From  this  discussion,  it  can  be  seen  that 
the  systems  analysis  is  a  logical  approach  to 
the  challenge  of  today — namely,  to  lay  the 
foundations  for  the  rational  evolution  of  in- 
dividual transportation  systems  of  the  future. 
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Comparisons  of  Empty  and 

Gross  Weights  of  Commercial  Vehicles 


BY  THE  BUREAU  OF  PUBLIC  ROADS 


Introduction 

A-  XIFICAXT  portion  of  highway 
research  is  dependent  on  the  basic  data 
that  can  be  obtained  on  the  numbers  and  types 
of  motor  vehicles  that  are,  or  are  likely  to  be, 
in  use.  It  is  somewhat  of  an  oddity  that  in 
this  Nation  of  highly  developed  motor-vehicle 
mobility,  one  of  the  greatest  single  problems 
of  highway  research  is  the  understanding, 
description,  and  cataloging  of  the  numbers 
and  kinds  of  vehicles  in  use  for  which  highways 
must  be  provided. 

There  are  nearly  80  million  vehicles  in  the 
United  States,  and  highways  are  now  being 
planned  and  built  for  the  more  than  100 
million  expected  10  years  from  now.  Yet, 
although  each  motor  vehicle  is  required  to  be 

-rered  each  year  with  a  State  motor 
vehicle  department,  it  is  possible  to  describe 
these  80  million  vehicles  in  only  the  most 
general  terms  from  the  basic  annual  records. 
Although  considerably  more  uniform  informa- 
tion would  be  desirable  on  passenger  vehicles 
the  primary  concern  is  the  lack  of  uniform 
data  on  the  types  and  weights  of  the  truck 
fleet  that  at  present  is  comprised  of  more  than 
12  million  vehicles.  The  problems  encoun- 
tered are  (1)  the  amount  and  quality  of  the 
data  required  and  recorded  on  the  annual 
registration  application  and  on  the  registration 
certificate,  and  (2)  the  different  weight  bases 
used  by  the  States  for  tax  purposes.  It  often 
is  not  possible  to  combine,  or  to  compare,  the 
information  on  trucks  registered  in  two  neigh- 
boring States  because  the  weight  classification 
for  tax  purposes  -  entirely  different.  One 
State  may  register  vehicles  on  the  basis  of  the 
empty  weight  of  the  power  unit,  and 
another  State  may  register  its  vehicles  on 
the   basis  of  the  owner's  declared  maximum 

3S  weight  of  vehicle  and  load.  Data 
gathering  is  further  complicated  because  the 
State  using  empty  weight  has  no  means  for 

-  weight  identification,  and  the  State  using 

-  weight  frequently  does  not  require  the 
empty  weight  of  the  power  unit  for  its  records. 
Any  significant  comparison  of  the  effect  of  the 

-  used  for  truck  registration  should  include 
the  numbers  of  vehicles  registered  by  each 
method.     The  application  of  the  three  main 
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The  need  for  a  uniform  weight  classification  base  for  commercial  vehicles  and 
the  possibility  of  determining  such  a  base  from  available  information  are  de- 
scribed in  this  article.  Because  more  adequate  descriptions  of  commercial 
vehicles  would  permit  better  research  and  planning  for  the  highways  note  being 
planned  and  built  for  the  more  than  100  million  vehicles  expected  by  1972. 
an  analysis  has  been   made  of  available  information . 

Comparisons  were  made  of  data  samples  on  commercial  vehicles  taken  from 
the  1957  and  1961  loadometer  studies  and  from  special  California  vehicle  records. 
Each  sample  group  of  data  ivas  satisfactorily  represeii  tative  of  the  total  available 
information  and  correlations  from  selected  groups  of  data  uere  made  by  empty 
weights  and  by  registered  gross  weights  of  vehicles. 

The  tabulations  and  the  accompanying  graphic  materials  are  expected  to  be 
useful  as  guides  in  the  solution  of  many  vehicle  classification  problems.  This 
analysis  revealed  that  it  would  be  very  difficult,  if  not  impossible,  to  develop 
a  usable  set  of  weight  relationships  from  present  registration  data.  However, 
the  data  considered  in  this  study  tend  to  give  each  other  mutual  support  and  the 
results  of  the  1957  Umdometer  study  remain  generally  applicable. 


weight  classifications  employed  in  State  regis- 
tration systems  to  the  truck  fleets  in  1931, 
1951,  and  1961  is  shown  in  figure  1.  During 
the  period  from  1931  to  1961  truck  registra- 
tions increased  nearly  fourfold,  from  3.6 
million  to  12.3  million.2 

Disparity  in  the  methods  of  registration 
required  has  also  been  disappearing  since  1931 
when  26  States  registered  about  945,000  trucks 
on  the  basis  of  the  manufacturers'  rated 
capacities;  13  States  registered  approximately 
1.6  million  trucks  on  the  basis  of  empty  weight. 
and  the  remaining  10  States  registered  1.1 
million  trucks  on  the  basis  of  declared  gross 
vehicle  weight.  By  1961  only  Alabama  re- 
tained the  requirement  for  registration  on  the 
basis  of  manufacturers'  rated  capacity — 
-  •  H00  trucks  were  registered.  The  re- 
the  States  required  trucks  to  be  registered 
either  by  empty  weight  or  by*' some  form  of 
declared  gross  weight.  A  total  of  3.3  million 
trucks  was  registered  in  14  States  by  empty 
weight,  and  8.8  million  trucks  were  registered 
in  36  States  by  declared  gross  weight.  Except 
for  the  small  2-axle  truck,  commonly  appearing 
as  a  pick  up  or  panel  vehicle  and  having  charac- 
teristics similar  to  a  passenger  car,  the  many 
different  types  and  sizes  of  trucks  and  combi- 
nations that  compound  the  problems  of  classi- 
fication  and  taxation  are  shown  in  silhouette 
in  figure  2. 


1  Presented  at  the  42d  annual  meeting  of  the  Highway 
Researeh  Board,  Washington,  D.C.,  January  1963. 
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-  Data  for  the  1931  and  1951  comparisons  were  collected 
from  48  States  and  the  District  of  Columbia.  Information 
from  Alaska  and  Hawai  i  have  teen  included  in  1961  figures. 


In  this  article  several  samples  of  data  th; 
relate  vehicle  empty  weights  and  register* 
gross  weights  have  been  compared  in  ord 
to  establish  a  set  of  usable  weight  correlatioi 
by  visual  vehicle  classes.  The  resultant  weigh 
comparisons  are  given  in  tabular  form  at 
both  the  vehicle  distributions  and  their  pri 
centage  counterparts  shown.  These  compai 
sons  (tables  1 1—1 7  j  provide  an  addition 
classification  tool  for  research  and  plannir 
aeth  r 

The  research  covered  by  this  report  w 
have  many  uses,  important  to  the  Federal  a: 
State  governments.  The  data  present 
can  be  used  as  an  aid  in  the  analysi-  of  t 
application  and  equitability  of  road-user  iax> 
and  they  are  expected  to  enhance  the  effectiv 
ness  of  administration  of  motor-vehicle  fc 
laws.  They  will  be  useful  in  determining  ti 
probable  effects  of  legislation  proposed,  ai 
they  also  will  be  of  value  to  those  concern* 
with  highway  planning,  and  to  indu-try  i 
materials,  product,  and  market  research. 

Vehicle  Classification  Studies 

One  of  the  early  efforts  to  count  and  classif] 
commercial  motor  vehicles  was  a  compreher 

si  udy  of  registrations  and  fees  reported 
The  Taxation  of  Motor  Vehicles  in  1932, 
G.  P.  St.  Clair.  Public  Roads,  vol.  15.  No. 
Oct.  1934,  pp.  185-214.  Information  for  th 
study  was  compiled  by  the  Bureau  of  Publ 
-  from  State  and  local  rnotor-vehicJ 
records  and  from  questionnaires  that  requests 
'lata    on    vehicles    and    taxes   in    considerab 

April  1963  •  PUBLIC  ROAD 
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Figure  1. — Number  of  trucks  and  combinations  registered  in  1931,  1951, 
and  1961,  segregated  by  registration  base.  Data  for  1931  and  1951  are 
comparable  but  1961  data  include  registrations  in  Alaska  and  Hawaii 
in  the  empty  iveight  bar. 


letail.  Another  study,  known  as  the  Nation- 
vide  Truck  and  Bus  Inventory,  was  begun  in 
1940  by  the  Bureau  of  Public  Roads  in  co- 
operation with  the  States.  Although  the 
vork  was  eventually  completed,  it  was  expen- 
ive,  and  it  used  manufacturers'  rated  capac- 
ties  as  a  uniform  measure  of  truck  weight. 
Since  the  use  of  that  classification  was  rapidly 
vaning,  the  study  had  limited  value  for 
■omparing  current  vehicle  classification  data, 
ind  the  results  of  the  study  have  not  been 
mblished. 

The  next  major  vehicle  classification  study 
was  made  by  the  Bureau  of  Public  Roads,  in 
cooperation  with  the  States,  to  provide  basic 
nformation  for  the  highway  cost  allocation 
si  study  that  was  required  by  Section  210  of 
;he  Highway  Revenue  Act  of  1956.  The 
indings  of  this  classification  study  were 
ncluded  in  the  comprehensive  series  of  high- 
way cost  allocation  study  reports  made  to 
;he  Congress,  and  also  were  published  in  1960 
oy  the  Bureau  of  Public  Roads  as  the  Classifi- 
cation of  Motor  Vehicles,  1956-57.  This  study 
is  the  most  recent  inventory  of  highway 
rolling  stock,  and  it  will  be  referred  to  in  this 
report  as  the  classification  study. 

When  the  classification  study  was  under- 
taken, an  effort  was  made  by  Public  Roads 
and  State  authorities  to  obtain  the  needed 
data  in  each  of  the  States.    Intensive  reviews 


were  made  of  the  existing  registration  records, 
special  questions  were  added  to  some  motor- 
vehicle  registration  application  forms  for  the 
following  year,  and  special  questionnaires  were 
mailed  to  vehicle  owners  by  many  States  in  an 
effort  to  obtain  information  to  supplement  the 
data  in  the  registration  files.  A  valuable 
lesson  was  learned  during  this  study.  The 
motor-vehicle  data  needed  for  highway 
research  were  unavailable  from  any  public 
source  in  a  usable  form.  Even  if  it  had  been 
possible  to  obtain  a  complete  summary  and 
analysis  of  the  vehicle  records  of  each  State, 
the  data  obtained  would  have  been  so  lacking 
in  uniformity  that  it  would  have  been  im- 
possible, with  the  knowledge  then  available, 
to  combine  them  into  a  workable,  usable  body 
of  data  for  use  in  research.  One  result  of 
these  findings  is  the  cooperative  effort  of  the 
States  and  Public  Roads  to  develop  standard 
vehicle  descriptions  and  information  that  will 
be  useful  to  both  government  and  industry. 
As  a  result  of  this  effort,  substantial  progress 
is  being  made  under  the  auspices  of  the 
American  Association  of  Motor  Vehicle 
Administrators. 

Many  differences  existed  in  the  registration 
requirements  and  records  of  the  States  but  the 
one  that  posed  the  greatest  problem  was  the 
requirement  of  several  States  for  registration 
of  vehicles  on  the  basis  of  empty  weight  or  on 


oa|p 


variations  of  gross  and  empty  weights.  Most 
States  registered  and  recorded  vehicles  on  the 
basis  of  the  owners'  declared  gross  weight 
(the  weight  of  the  vehicle,  fully  equipped  and 
ready  for  service,  plus  the  maximum  load 
to  be  carried). 

When  it  is  necessary,  in  studies  of  motor 
vehicles  or  motor-vehicle  revenues,  to  bring 
the  basic  motor-vehicle  data  of  all  States  into 
uniformity,  a  relationship  must  be  estab- 
lished between  the  bases  and  all  of  the 
data  must  be  converted  to  a  uniform  structure 
for  analysis. 

To  properly  analyze  the  composition  of  the 
vehicle  fleet,  an  understanding  of  the  factors 
affecting  the  selection  of  the  vehicles  in  use  is 
necessary.  Tax  structures,  terrain,  kind  of 
goods  transported,  and  literally  dozens  of 
factors  affect  owners'  vehicle  selections.  Some 
carriers  may  elect  to  buy  lightweight  power 
equipment  to  perform  the  same  job  that  is 
done  by  another  carrier  with  heavier  and 
costlier  power  units.  The  lighter  power  units 
would  depreciate  more  rapidly  but,  because 
of  other  factors,  they  might  provide  lower 
overall  operation  cost.  The  subject  of  vehicle 
ownership  and  operating  costs  is  discussed 
in  considerable  detail  in  the  report  Line-Haul 
Trucking  Costs  in  Relation  to  Vehicle  Gross 
Weights,  by  Hoy  Stevens,  Highway  Research 
Board  Bulletin  301,  1961. 

Sources  of  Data  for  Weight 
Comparisons 

1957  traffic  and  loadometer  data 

During  the  course  of  the  extensive  1957 
motor-vehicle  traffic  counting,  classification, 
and  loadometer  operations,  approximately 
600,000  vehicles  were  weighed,  and  data  con- 
cerning empty  weight,  registered  weight, 
make,  body,  axle  arrangement,  and  other 
items  on  vehicle  classification  and  operation 
were  obtained.  More  than  150,000  commer- 
cial vehicles,  for  which  weight  data  were  com- 
plete, were  selected  from  the  group  of  600,000 
for  special  study  to  relate  empty  and  regis- 
tered gross  vehicle  weights.  Gross  vehicle 
weight  was  available  from  the  registration 
certificates  for  only  vehicles  registered  on  that 
basis,  but  it  is  believed  that  a  good  representa- 
tive sample  was  obtained  because  States  using 
this  basis  were  very  well  distributed  geo- 
graphically. In  this  article,  the  data  con- 
cerning the  150,000  commercial  vehicles  is 
referred  to  as  the  "1957  loadometer  data." 
Information  from  more  recent  weighing 
studies  and  spot  vehicle  classification  counts 
made  by  the  States  have  been  added  to  the 
1957  loadometer  data.  The  locations  of  the 
weighing  stations  were  selected  with  the  ob- 
jective of  making  the  data  collected  from  them 
representative  of  the  vehicles  being  used  in 
that  area. 

1961  loadometer  data 

Rather  than  wait  until  the  1961  loadometer 
study  had  been  completed  and  the  complete 
record  of  weighings  was  available  for  use,  a 
special  group  of  data  was  collected  from  a 
limited  sample  of  vehicles  throughout  the 
United  States.     This  sample  was  obtained  as 
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Table  I.— Trucks 


and  combinations,  observed  during  1957  and  1961  Loadometer  studies,  grouped  by  number  of  axles  and  by  register* 

gross  vehicle  weights 


vehicle  weight 

i  unit  truck 

Combinations  consisting  of— 

Tractor  and  semitrailer 

Truck  and  full  trailer 

Tractor,  semi- 
trailer and 
full  trailer 

2-axles 

3-axles 

3-axles  (2-S1) 

4-a\les  (2-S2) 

5-axlcs  (3-S2) 

3-axles  (2-1) 

5-axles  (3-2) 

5-axles  (2-S1-2) 

Pounds 

No. 

Pel. 

No. 

Pet. 

No. 

Pet 

No. 

Pet. 

No. 

Pet. 

No. 

Pet. 

No. 

Pet. 

No. 

Pet. 

4,000-4,999 
5,000  5,999 

6,000  7,999 

8,000  9,999     -       

10,000-11,999  

12,000  13,999     

14,000  15,999 

16,000-17,999 -- 

18  000-19,999 

49.  279 

26,  846 

12,767 

6,  637 

5, 456 

4.560 

4,  230 
6,  855 
4.431 

5,  761 
3,000 

4.732 

30.  i) 

19.6 
9.3 
4.9 

4.0 
3.  3 

3.1 
5.0 
3.2 

4.2 
2.2 
3.  5 

""152" 

~~2~V~ 

2 
106 

1.6 
1.2 







28 

14 
17 
14 
16 
14 

14 
38 
53 
86 
12 

9.2 

4.6 
5.5 
4.6 
5.2 
4.6 

4.6 
12.4 
17.3 
28.1 

3.9 



47 

65 
106 
193 
205 
214 

322 

708 

1,174 

1,657 

2,  273 

0.  6 

0.9 
1.5 
2.  6 

2.8 
2.9 

4.4 
9.6 
16.0 

22.5 
30.9 

22,000-23.999 

93 
241 
127 
187 

394 
1.040 

987 
2,188 

301 

1.5 

3.8 
2.0 
3.0 

6.3 
16.5 

15.7 

34.8 

4.8 

29 
35 
22 
11 

38 
47 

0.3 

0.4 
0.2 
0.  1 

0.4 
0.5 

24,000-25,999—- 

26,000-27,999 

1,153 

294 

520 
103 
103 

97 
41 

21 

9 

56 

0.8 
0.2 

0.4 
0.1 
0.1 
0.1 

28  000-29 ,999                  







30,000-31.999 

3f,  ,1)00-39,999.- -- 

281  > 
361 

1,843 
4,061 

1.737 

3.2 
4.1 

20  8 
45.9 
19.6 

40,000  41,999 - 

191             3.3 

45,000-49,999       

1 

1.5 

50,000-54,999.--. 

233 

3.2 

151 

192 

1,070 

1,  216 

2.6 
3.3 
18.3 
20.9 
44  5 

17 

2.4 

55,000-59,999- 

104 
6 

1.7 
0.1 

5 

42 

311 

319 

0.7 

5.9 

43.5 

44.  6 

2 

4 
28 
30 

2.9 

5.9 

41.2 

44.1 

261 
34 

3.(1 
0.4 

416 

7.1 

715 

2.9 
100.0 

3 

68 

4.4 

100.  0 

136, 957 

100.  (i 

7,349 

100.0 

6,295 

100.  0 

8,860 

100.  0 

5,831 

100.0 

306 

100.0 

■Data  from  1957  and  1961  special,  field  -  weighing  reports  are  combined  in  this  table.    The  portion  of  the  table  boxed  by  heavy  lines  represents  90  percent  or  more  of  the  vehicles  in  eacl 
vehicle  type 


2 

2-SI 

^H 

3 

2-S2 

3-S2 

2-3 

■                           1 

2-2 

3-3 

■                           1 

3-2 

2-SI-2 

2-S2-2 

2-S2-3 

3-SI-2 

Figure  2. — Conirm>rcial  vehicle  types  as  designated  by  code  based  0/1  axle  arrangement . 
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a  part  of  the  regular  loadometer  study,  bu; 
was  collected  at  the  first  station  or  first  twe 
stations  operated  in  each  State  at  the  begin 
ning  of  the  weighing  operations.     The  studj 
instructions  stipulated  that  vehicles  were  to  be 
weighed    at    each    station    until    at    least    1( 
loaded  and  10  empty  vehicles  of  each  visua 
type,  as  shown  in  figure  2,  had  been  observed 
A  field  crew  member  was  assigned  to  inter  1 
view  each  driver  and  to  obtain  registratio 
card  information  while  the  vehicle  was  bein 
weighed    by    other    members    of    the    crew 
These  data  were  placed  on  punch  cards,  whicl 
were  forwarded  to  the  Washington  office  of  th 
Bureau  of  Public  Roads.     In  order  to  checM 
the  accuracy  of  the  sample,  Public  Roads  seni 
the  record  of  each  of  these   vehicles  to  the 
State  in  which  it  was  registered  to  be  verifiei 
against    the   registration   file.     It   is   believer 
that  this  check  eliminated  many  of  the  incon- 
sistencies, which  might  otherwise  have  gone 
undetected,   and  that  data  for  the  resultani 
group  of  vehicles  identified  in  this  article  a.- 
the  "1961  loadometer  data"  have  a  relativelj 
high  degree  of  accuracy.     Although  the  sam- 
ple was  not  expanded,   a  comparison  of  the 
data  with  those  obtained  from  other  source.' 
showed  the  information  to  be  representative 
in  all  major  weight  cells.     The  usable  sample 
from  the   1961    loadometer  data  totaled  ap- 
proximately   14,000   vehicles,    and   the    infor- 
mation   gat  lined    included   empty   and   gross 
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Figure  3. — Empty  to  gross  weight  relationships  and  relative  dis- 
tribution of  2 -axle,  single-unit  trucks. 
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weights,  vehicle  type,  number  of  axles,  body 
type,  class  of  use,  some  information  on  fuel 
used,  year  model,  make  of  vehicle,  and  com- 
modity carried.  Only  the  information  that 
applies  specifically  to  weight  comparisons  has 
been  summarized  here.  Processing  of  the 
remaining  data  is  in  progress  and,  if  these  data 
are  found  to  be  representative,  they  will  be 
used  in  other  studies. 

Some  unexplained  differences  were  noted  in 
a  comparison  of  the  1957  and  1961  loadometer 
data.  These  differences  probably  were  caused 
by  the  highway  system  coverage  and  the  dis- 
tribution of  the  loadometer  stations.  Because 
of  the  scope  and  purpose  of  the  1957  loadometer 
study,  more  urban  stations  were  included  and 
a  greater  coverage  of  secondary  and  local 
road  systems  was  obtained.  The  1961  load- 
ometer data,  however,  are  more  indicative  of 
the  type  of  vehicles  used  on  main  rural 
highways. 

California  data 

The  third  group  of  data  used  in  preparation 
of  this  article  was  obtained  from  the  State  of 
California  for  vehicles  registered  under  the 
Uniform  Proration  Compact.  California 
maintains  an  excellent  file  on  motor-vehicle 
fleets  that  are  registered  in  other  States  on 
different  registration  bases  and  that  are  op- 
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erated  in  California  under  the  Proration  Com- 
pact. Uniform  empty  and  gross  weight  data 
and  other  vehicle  information  were  available 
for  these  vehicles.  The  California  authorities 
permitted  the  authors  to  use  the  information 
and  provided  much  assistance  in  interpreting 
it.  This  availability  of  another  source  of  data 
was  an  important  factor  in  the  decision  to 
present  this  study. 

Unlike  the  truck  samples  obtained  in  the 
loadometer  surveys,  the  California  data  repre- 
sented principally  over-the-road  fleets  from 
the  Western  States.  The  records  included 
the  declared  gross  vehicle  weight  of  the  vehicle 
or  combination ;  the  empty  weight  of  the  power 
unit;  and  the  type  of  carrier,  make,  year  model, 
and  number  of  axles;  and  the  type  of  motor 
fuel  used.  Data  on  approximately  8,000  vehi- 
cles were  supplied  by  the  State,  and  informa- 
tion on  6,700  has  been  used  in  the  comparisons 
in  this  article.  Information  on  approximately 
1,300  vehicles  could  not  be  included  in  the 
study  because  one  or  more  of  the  basic  weight 
factors  had  not  been  included  in  the  reports 
to  the  State. 

Data  from  other  sources 

The  State  motor-vehicle  registration  au- 
thorities make  their  annual  registration  counts, 


by  vehicle  type,  available  to  the  Bureau  of 
Public  Roads  and  other  interested  groups. 
These  data  are  consolidated  in  Public  Roads 
tables  MV-1  through  MV-11  3  for  use  by 
government  transportation  and  planning  au- 
thorities, industry  marketing  groups,  and 
private  individuals.  A  few  States  prepare 
special  tabulations  on  commercial  vehicles  by 
weight  classes  for  their  own  uses,  and  copies 
of  these  have  been  supplied  to  the  Bureau  of 
Public  Roads  for  studies  of  vehicle  character- 
istics, distribution,  and  use. 

Discussion  of  Data 

Registered  gross  weights  by  vehicle  types 

A  summary  is  shown  in  table  1  for  the  vehicles 
registered  on  a  gross  weight  basis  for  which 
empty  weights  were  available ;  these  data  were 
obtained  in  the  1957  and  1961  loadometer 
surveys.  Numbers  and  percentages  of  vehi- 
cles of  each  type  are  given  by  registered  gross 
weights.  Heavy  lines  in  the  table  enclose 
data  for  approximately  90  percent  of  the 
vehicles  in  each  visual  type.  The  extremes, 
representing  approximately  10  percent  of  the 
vehicles,  are  "fenced  out"  above  and  below 
the  main  group.     Thus  a  visual  comparison 

8  Bureau  of  Public  Roads  tables  MV-1  through  MV-11, 
Highway  Statistics,  issued  annually. 
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semitrailer  combinations  (2-S1). 


can  be  made  of  the  total  range  of  the  data. 
This  comparison  shows  the  approximately 
90-percent  spread  of  gross  weights  for  each  of 
the  vehicle  types,  and  it  illustrates  that  as  the 
vehicles  became  larger  the  gross  weight  range 
was  smaller.  Registered  gross  weights  for 
each  vehicle  type,  however,  overlap  the 
weights  for  both  adjacent  vehicle  types. 

The  1961  loadometer  data  presented  in  this 
study  for  the  2-axle  trucks  cannot  be  separated 
into  4-tire  and  6-tire  classes.  Other  sources 4 
have  shown  however  that,  taken  as  separate 
groups,  the  2-axle,  4-tire  class  would  show  a 
rapid  diminution  of  numbers  over  8,000 
pounds  and,  with  the  greater  load  flexibility 
permitted  by  additional  tires,  the  2-axle,  6-tire 
class  would  peak  at  about  12,000  to  18,000 
pounds  and  would  taper  off  slowly  in  numbers 
at  approximately  28,000  pounds.  Within  the 
enclosed  area  of  the  table,  the  data  for  succes- 


*  Classification  of  Motor  Vehicles,  1956-57,  Bureau  of  Public 
Roads,  U.S.  Department  of  Commerce,  1960. 
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sive  vehicle  types  form  a  group  of  steps  to  the 
larger  gross  weights. 

Comparison   of  1957    and    1961   loadometer 
data  and  California  data 

Table  2  shows  the  California  data  by  regis- 
tered gross  weights  and  by  visualVehicle  types. 
The  heavy  lines  used,  as  in  table  1,  enclose  ap- 
proximately 90  percent  of  the  vehicles  in  each 
type.  A  comparison  of  the  vehicle  distribu- 
tions from  the  loadometer  weighings  shown 
in  table  1  with  those  obtained  from  the  Cali- 
fornia data  included  in  table  2  reveals  con- 
siderable disparity  in  the  information  from  the 
two  sources.  Because  vehicles  represented  in 
the  California  data  were  used  principally  in 
intercity  service,  much  less  dispersion  in  gross 
weights  was  noted  in  these  data  than  in  the 
information  obtained  from  the  loadometer 
studies. 

Frequency  distributions  and  least  squares 
comparisons  of  empty   to  gross  weights  are 


shown  in  figures  3-9  for  the  main  visual  type 
of  vehicles.  The  California  data,  representei 
by  the  medium-length  dash  least  squares  line 
in  the  upper  panels  of  these  figures,  with  cei 
tain  exceptions,  showed  that  the  averag 
empty  weights  of  vehicles  in  relation  to  give 
gross  weights  were  higher  than  the  empt; 
weight  to  gross  weight  relations  recorded  b; 
loadometer  data.  A  similar  empty  weight  re 
lationship  was  not  recorded  for  the  3-S2  vehi 
cle  combinations;  the  slope  of  the  line  for  th 
1961  loadometer  data,  shown  in  figure  7,  sugi 
gests  the  effect  of  too  small  a  sample.  How 
ever,  this  relationship  of  the  empty  to  gros 
weight  probably  is  not  entirely  accurate  as  th 
Public  Roads'  vehicle  classification  count 
indicate  that  use  of  the  3-S2  vehicle  combina 
tions  has  become  more  widespread  geographi 
cally  than  in  1957,  and  therefore  the  relation 
ship  of  empty  to  gross  weight  could  have  bee: 
different  than  shown  by  the  1961  loadomete 
data. 

As  shown  in  figure  8,  an  exception  to  th 
higher  empty  weights  in  relation  to  gros 
weights  was  recorded  in  the  1957  loadomete 
data,  which  included  information  on  an  un 
usually  large  number  of  3-2  truck-trailer  com 
binations  registered  at  50,000  to  55,000  pound 
gross  combination  weight  and  reported  as  hav 
ing  empty  weights  of  more  than  16,000  pound 
for  the  truck  alone.  Such  a  reported  distrt 
bution  of  so  many  3-2  combinations  at  55,00' 
pounds  in  1957  was  not  normal  because  in  th 
classification  study  nearly  97  percent  of  th 
3-2  combinations  were  reported  to  have  bee 
registered  at  more  than  60,000  pounds  gros 
combination  weight. 

A  percentage  comparison  of  the  gross  weigh 
distribution  of  combined  1957  and  1961  load 
ometer  data  and  of  the  California  data  with  th 
nationwide  gross  weight  distribution  of  al 
vehicles  of  each  type  reported  in  the  1956-5' 
classification  study  is  given  in  the  botton 
panels  of  figures  3-6.  As  shown  in  figure  3 
the  loadometer  data  distribution  by  gros 
weight  was  close  to  that  for  the  classification 
study.  This  close  relationship  implies  tha 
the  gross  weights  for  vehicles  sampled  in  th 
loadometer  studies  were  relatively  propoi 
tional  to  the  gross  weights  for  all  such  vehicle 
registered.  But,  as  stated  earlier,  the  Call 
fornia  data,  consisting  largely  of  registration 
of  over-the-road  2-axle,  6-tire  vehicles  showe< 
a  much  larger  sample  for  vehicles  havin 
18,000  to  26,000  pounds  gross  weights.  Th 
2-axle  classification  given  in  figure  3  include 
both  the  2-axle,  4-tire  and  the  2-axle,  6-tir 
vehicles.  Nationwide  more  than  90  percen 
of  the  2-axle,  4-tire  vehicles  were  registere 
for  gross  weights  under  8,000  pounds.  Mori 
than  67  percent  of  the  2-axle,  6-tire  truck 
were  registered  for  gross  weights  in  excess  o 
12,000  pounds,  and  nearly  47  percent  wen 
registered  for  gross  weights  in  excess  of  16,001' 
pounds. 

Figures  4  through  9  show  that  the  gros 
weights  of  the  sampled  vehicles  in  the  load 
ometer  studies  follow  closely  the  gross  weigh 
distributions  of  the  vehicle  population.  Gros; 
weight  comparisons  for  information  from  th 
classification  study  have  not  been  included  ii 
figures  7  through  9  for  the  3-S2,  3-2,  and  th 
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2-S1-2  vehicle  combinations  because  these 
vehicles  generally  are  registered  for  the  State 
naximum  permitted  gross  weights  of  over 
iO.OOO  pounds  and  their  registrations  were 
shown  in  the  classification  study  in  that  maxi- 
nuin  weight  class. 

'Combined  loadometer  data 

In   figure    10,    straight  lines   illustrate   the 
■mpty  to  gross  weight  relationships  obtained 
>y  the  least  squares   method.      The  lines   in 
his  figure  were  based  on  the  combined  data 
Tom  the  loadometer  surveys,  and  they  pro- 
!\-ide  a  quick  visual  comparison  of  relationships 
for  five  vehicle  types.    The  lines  for  the  single- 
unit  trucks  follow  a  parallel  course,  they  over- 
lap in  the  gross  weights  from  22,000  to  32,000 
pounds,  and  they  are  separated  by  about  1,500 
pounds  of  empty  weight.    This  greater  empty 
weight  is  accounted  for  largely  by  the  third 
ixle  in  the  3-axle  truck.     The  slope  of  these 
two  lines  is  much  steeper  than  the  slope  of 
the  lines  for  the  tractor  power  units,  shown 
in  combination  as  2-S1,  2-S2,  and  3-S2,  be- 
cause the  payload  carrying  body  is  included 
in  the  empty  weight  for  single-unit  trucks  but 
is  not  included  for  the  combination  vehicles. 
A  considerable  gross  vehicle  weight  overlap  is 
ishown  for  the  2-S1  and  2-S2  combinations 
■because  of  differences  in  size  and  weight  re- 
quirements; some  States  require  an  additional 
faxle  to  carry  loads  that  can  be  carried  by  the 
fe-Sl  combination  in  other  States.     Also,  fac- 
tors of  terrain,  power  requirements,  and  types 
lof  loads  carried  are  considered  by  operators 
in  their  choice  of  vehicles. 

(Comparison    of   1957    and    1961    loadometer 
data 

A  percentage  comparison  of  the  distribution 
Lof  gross  weights  of  vehicles  from  the  1957 
'loadometer  data  with  the  distribution  of  the 
Lgross  weights  of  vehicles  from  the  1961 
.loadometer  data  is  shown  in  table  3.  The 
1957  study  was  designed  to  sample  vehicles 
||on  all  types  of  rural  and  urban  highways  as 
i  uniformly  as  possible,  but  the  1961  data  were 
'obtained  to  a  larger  extent  at  stations  on 
main  rural  roads.  The  comparison  shown  in 
table  3  indicates  that  the  traffic  on  main  rural 
[roads  has  a  much  greater  concentration  of 
heavy  vehicles  than  the  total  traffic  on  all 
types  of  rural  and  urban  highways. 

Table  3  is  complemented  by  table  4,  which 
shows  a  distribution  of  the  same  vehicles  by 
empty  weights  of  the  trucks  and  power  units 
for  the  1957  and  1961  loadometer  surveys. 
The  information  in  both  of  these  tables  shows 
that  the  empty  and  gross  weights  were  con- 
isistently  heavier  in  the  1961  loadometer  data. 
In  tables  3  and  4  the  percentage  distributions 
for  each  weight  group,  within  each  vehicle 
type,  have  been  cumulated  inversely  as  an 
additional  check  on  the  differences  between 
the  1957  and  1961  loadometer  data.  At  first 
glance  it  might  appear  that  trucks  and  com- 
binations have  gotten  heavier  since  1957,  and 
to  some  degree  this  may  be  true.  However, 
evidence  from  continuing  vehicle  and  classi- 
fication counts  have  led  the  authors  to 
conclude  that  most  of  the  difference  between 
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the  two  sets  of  data  was  caused  by  the 
difference  in  the  size  and  scope  of  the  samples. 
To  show  a  more  complete  cross-section  of 
information  on  the  three  vehicle  types  given 
in  tables  3  and  4,  a  set  of  two-way  frequency 
distributions  of  empty  weight  to  gross  vehicle 
weight  has  been  given  for  each  of  the  three 
vehicle  types  separately  for  the  1957  and  1961 
loadometer  samples  in  tables  5-10.  With  the 
data  arrayed  in  this  manner  it  is  possible  to 
examine  either  the  frequency  distribution  by 
empty  weights  of  vehicles  in  a  given  class 
interval  of  registered  gross  weight,  or  the 
distribution  by  registered  gross  weights  of 
vehicles  in  a  given  class  interval  of  empty 
weight.  Both  numerical  and  percentage  dis- 
tributions are  given,  and  heavy  lines  enclose 
approximately  90  percent  of  the  vehicles  in 
each  empty  weight  group.  When  special 
consideration  is  given  to  the  90-percent  portion 
of  the  sample  in  each  table,  the  array  of  each 
vehicle  type  is  much  more  compact.  Although 
an  appreciable  number  of  vehicles  are  shown 
at  the  extremes,  those  having  heavy  empty 
weights  and  light  gross  weights  and  those  hav- 
ing light  empty  weights  and  heavy  gross  weights 
constituted  only  a  small  proportion  of  all 
vehicles  in  that  class.     A  large  proportion  of 


some  vehicles  of  a  given  empty  weight  were 
concentrated  in  two  or  three  gross-weight 
intervals. 

Conversion  tables 

Tables  11  through  17  give  the  comparisons 
of  empty  weights  to  gross  weights  of  the  com- 
bined 1957  and  1961  loadometer  data  for  seven 
of  the  most  commonly  used  types  of  vehicles. 
Information  on  all  the  vehicles  for  which  the 
weight  data  collected  was  usable  for  this  article 
has  been  included  in  these  tables.  They  give 
the  numbers  and  percentages  (horizontally) 
of  the  gross  weight  distribution  of  these 
vehicles.  The  numbers  of  vehicles  that  had 
unusual  empty  to  gross  weight  relationships 
have  been  included  even  though  they  repre- 
sent a  very  small  percentage.  The  166,000 
vehicles  that  were  classified  by  weights  are 
representative  of  the  national  distribution  of 
vehicles  and  their  classification  provides  a 
tool  for  the  solution  of  problems  of  weight 
conversions.  These  data  will  be  useful  for 
making  revenue  estimates,  as  well  as  being  a 
working  tool  in  many  areas  of  market  research. 

The  process  of  conversion  is  illustrated  as 
follows.  Assume  that  table  13  was  considered 
appropriate,    in    a    given    situation,    for    con- 
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semitrailer  combinations  (3-S2). 


verting  3-ax]e,  tractor-semitrailer  (2— SI)  com- 
binations registered  by  empty  tractor  weights 
into  an  array  representing  their  probable 
distribution  by  registered  gross  weight  of 
combination  in  a  State  requiring  that  method 
of  registration.  The  number  of  vehicles  in 
each  class  interval  of  empty  weight  should  be 
multiplied  by  the  corresponding  horizontal 
percentages  in  table  13,  and  the  numbers  so 
obtained  should  be  added  vertically  to  obtain 
the  distribution  by  registered  gross  weights. 
Conversely,  a  conversion  from  registered 
gross  weight  of  combination  to  empty  weight 
of  tractor  can  be  performed  by  distributing 
the  number  of  vehicles  in  each  gross  weight 
class  interval  proportionate  to  the  corre- 
sponding vertical  distribution  of  vehicles  by 
empty  weights  in  table  13  and  then  adding 
the  numbers  so  obtained  horizontally. 

Weight  relationship  of  trailer 
and  combination 

In  figure  11,  a  scattergram  of  the  mean 
average  empty  weights  and  the  lines  of  best 
fit  reflect  the  approximate  empty  to  gross 
weight  relationship  of  tractors  and  semi- 
trailers shown  in  the  California  data.  Straight 
lines  were  computed  for  1-  and  2-axle,  semi- 
trailers  and   for   the    2-   and   3-axle    tractor 
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trucks  used  with  them.  The  scattergram 
shows  a  wide  range  of  empty  weights  of  semi- 
trailers in  each  type  of  tractor-semitrailer 
combination  and  at  all  gross  weight  levels. 
However,  regardless  of  the  type  of  combina- 
tion, whether  2-S1,  2-S2,  or  3-S2,  even  with 
substantial  increases  in  gross  combination 
weights,  only  moderate  increases  were  noted 
in  the  semitrailer  average  empty  weight. 
But  for  the  tractor  truck  power  units  a  much 
steeper  gradation  in  empty  weight  in  relation 
to  gross  weight  is  shown 

Empty  weight  to  gross  weight  ratios 

Employing  the  power  unit  relationship 
used  in  figure  10  and  the  data  from  the  semi- 
trailer line  in  figure  11,  empty  weight  to  gross 
weight  ratios  shown  in  table  18  indicate  that 
vehicle  gross  weights  ranged  from  1.2  times 
the  empty  weight  at  the  low-weight  interval 
of  the  smallest  vehicle  to  a  high  of  2.8  at  the 
high- weight  interval  for  the  larger  vehicles. 
It  may  be  of  some  significance  that  a  vehicle 
type  selected  and  registered  at  near  the  maxi- 
mum weight  of  its  class  is  capable  of  oper- 
ating with  the  most  favorable  empty  weight 
to  gross  weight  ratio.  The  results  for  the  up- 
per gross  weight  limit  of  each  vehicle  type 
are  similar  for  all  five  vehicle  types. 


Range  of  conversion 

Figures  12  through  18  illustrate  both  the 
wide  range  of  empty  weights  for  each  gross 
weight,  and  the  range  that  contained  approxi- 
mately 90  percent  of  the  vehicles.  Although 
the  90-percent  range  eliminates  the  extremes, 
the  band  of  weight  comparison  is  still  too  wide 
to  allow  the  use  of  a  point  of  conversion.  It 
would  be  very  difficult,  if  not  impossible,  to 
develop  a  usable  set  of  weight  relationships 
that  would  permit  a  point,  or  even  a  narrow 
band,  of  weight  conversion  to  be  used  for 
any  purpose. 


Conclusions 

In  general,  data  from  the  vehicle  weight 
comparison  series  included  in  Classification  of 
Motor  Vehicles,  1956-57,  the  information  from 
the  1957  and  1961  loadometer  data,  and  the 
California  data  tend  to  give  each  other 
strong  mutual  support.  Therefore,  the  results 
of  the  1957  loadometer  study  remain  generally 
applicable,  and  the  study  reported  in  this 
article  is  a  further  refinement  of  the  data.  In 
applying  weight  comparison  factors  from  any 
of  the  data,  however,  some  caution  should  be 
exercised  to  allow  for  the  increasing  trend 
toward  use  of  dicsel-powered  vehicles  and  for 
the  anticipated  effects  of  any  changes  in 
vehicle  size  and  weight  laws. 

The  1961  loadometer  data  and  the  California 
data  have  provided  information  that  permits 
the  addition  of  another  large  vehicle  combina- 
tion to  the  vehicle  weight  comparison  series — 
the  2-S1-2.  This  combination  was  not 
covered  in  earlier  studies.  Additional  in- 
vestigation in  this  area  is  warranted,  not  only 
to  obtain  more  data  on  the  vehicle  weight 
relationships,  but  also  to  keep  the  findings 
from  these  investigations  up-to-date.  Com- 
prehensive studies  of  vehicles  on  a  carefully 
tailored  regional  basis  would  provide  informa- 
tion even  more  usable.  In  the  selection  of 
regions  for  these  studies  the  State  size  and 
weight  restrictions,  the  geographic  features, 
and  the  predominance  of  certain  types  of 
vehicles  favored  for  their  adaptability  to 
commerce  or  terrain  of  the  region  should  be 
considered. 

The  vehicle  weight  comparison  tables  11-17 
present  a  reasonable  nationwide  picture  of  the 
relationship  between  recorded  empty  and 
registered  gross  weights  of  different  vehicle 
types.  These  comparisons  demonstrate 
clearly  that  it  would  not  be  practicable  to  try 
to  develop  a  set  of  weight  relationships  that 
would  permit  a  point,  or  even  a  narrow  band, 
of  weight  conversion  to  be  used  for  any  pur- 
pose. Conditions  in  individual  States  may 
be  such  that  modifications  or  adaptations  of 
the  data  shown  in  tables  11-17  may  be  re 
quired  before  they  can  be  applied.  However, 
the  data  provide  a  useful  tool  that  can  serve 
as  a  guide,  or  reference  point,  for  local  con- 
version problems.  The  local  situation  would 
have  to  dictate  any  adjustment  factors  neces 
sary  to  make  the  data  in  these  tables  applicable 
to  the  problems  being  considered. 
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able  2.— Trucks  and   combinations  grouped   by   number  of  axles  and  by  registered   gross  vehicle  weights,  from   California  interstate 

proration  records  ' 


Registered  gross 
vehicle  weight 

Single-unit  trucks 

Combinations  consisting  of— 

Tractor  ami  semitrailer 

Truck  and  full  trailer 

Tractor,  scmi- 
trailer  and 
full  trailer 

2-axles 

3-axles 

3  axles  (2-S1) 

4-axles  (2-S2) 

5-axles  (3-S2) 

3-axles  (2-1) 

5-axles  (3-2) 

5-axles  (2-S1-2) 

Pounds 

No. 

Pel. 

No. 

Pel. 

No. 

Pet. 

No. 

Pel. 

No. 

Pel. 

No. 

Pel. 

No. 

Pet. 

No. 

Pel. 

.-1,(1110-5,999 

8 

1.3 

6,000-7,999 

70 
40 
21 
15 
22 

24 
96 
74 
112 
85 
43 

11.2 
6  l 
3.  3 
2.4 
3.5 

3.8 
15  2 
11.7 

17  s 
13.  5 

6.  S 

8,000-9,999 

10.000-11,999 

1 
1 

0.1 
0.  1 

12,000-13,999 

1 

7.  7 

14,000-15,999- 

16,000-17,999 

18,000-19,999 

20,000-21,999 

1 

2   8 

< 

1 

9 

0.1 
0.1 
0.7 

22,000-23,999 

3 

8 

0.4 

1.2 

4 
4 

1 

2 

30.8 
30.8 

7.7 

15.3 

24,000-25,999 

1 
1 

8.3 
2  8 

2.8 

26,000-27,999 

4 

3 

24 

15 

140 

MS 

226 
SI 

0.3 

0.2 

1.8 

1.  1 

10.4 

60.5 

16.  7 

0.  0 

11 
9 
2 
3 
8 

04 
45 
310 
207 

1.6 
13 
0.3 
0.4 
1.2 

9  3 
6.  0 
45.  3 

3(1  2 





28  000  21 1.999 
30,000-31,999  j. 

8 
3 

1.3 

1.  1 

0.5 

1 

0.  2 

32,000-35,999 

11 

17 

30  6 

47  2 

30.000-39,999 

3 

1 

s 
16 

0.  1 

0.2 

0.3 

0.  5 

1 

7.7 

40,000-44,999 

1 

0   2 

45.000-49,999 

2 

5.5 

2 
2 
3 
2 

0.4 
0.4 

0.  0 
0  4 

50,000-54,999 

55,000-59,999 

22 
2 

1 

2 

1.7 
0.1 
0.  1 

0.1 

0.1 

00,000-64,999 — 

89     |         3. 0 

11 

■>.  1 

65,000-69,999 

10 

2 
1 

1.5 

0.3 

0.2 

289 

2.  100 
445 

9  0 

71.6 
14.7 

13 

80 
406 

2.5 

16.7 

78.  s 

1 

101 
405 

0.  2 

19  5 
78.2 

70,000-74,999  - 

75,000-79,999 

80,000  and  over 

629 

100.0 

36 

100.  0 

1,352 

100.0 

685 

100.0 

13 

100.  0 

3.  010 

515 

100.  0 

518 

The  portion  of  the  table  boxed  by  heavy  lines  represents  90  percent  or  more  of  the  vehicles  in  each  vehicle  type. 


'able  3. — Comparison  of  relative  numbers  of  motor  vehicles  observed  in  the  1957  and  1961  loadometer  studies  by  gross  vehicle  weight  groups 


Registered  gross  vehicle  weight 

Single-unit  trucks 

Vehicle  combinations 

2-axle 

3-axle  (2-S1) 

4-axle  (2-S2) 

1957 

1961 

1957 

1961 

1957 

1961 

Pounds 

Under  •  5  000 

Pet. 
36.1 

Cumu- 
lated Pet.' 
100. 0 

Pel. 
32.8 

Cumu- 
lated Pct.< 
100.0 

Pet. 

Cumu- 
lated PctJ 

(3) 

Pet. 

0.2 

<  'ii  inn 

hied  Pct.i 
100.0 

Pet. 

Cumu- 
lated Pet.' 

Pet. 

(  //  mu- 
lated  Pel..' 

(3) 

0.2 

100.0 

0.6 

100.0 

5,000-5,999 

19.9 

9.0 
4.7 
3  9 
3.3 

3.2 
5.1 
3.3 
4.3 

2.  2 

3.4 
0.8 
0.2 
0.  4 
(3) 

0.1 
0.  1 
(3) 
(3) 
(3) 

63.9 

41.0 
35.0 
30.  3 
26   1 

23.  1 
19.9 
14.8 
11.5 
7  9 

5.0 
1.6 

0.8 

0.  0 
(3) 

0.2 
0.1 
(3) 
(3) 

(3) 

13.1 
15.8 
8.0 
5.4 
4.3 

1.0 
2.  2 
2. 6 

2.  9 
2.4 

3.9 
1.7 
0.  0 
0.  9 
0.9 

0.  1 

0.2 
0.  1 

(3) 

0.  I 

07.2 
54.1 
38.3 
30.  3 

_'!  9 

20.  0 
19.  0 
16.8 
14.2 
11.3 

8.9 
5.0 
3.3 

2.7 
l.S 

0.  9 
0.5 
0.3 

(3) 

0.  2 

6  000-7  999 

10  01)0    1  1   999 

12  000-13  999 

14  000  15  999 

1.9 
1.4 
1.7 

1.3 

2.3 
3.3 
6.9 
18.2 

15.7 
33,  II 
4.0 
5.6 
0.7 

0.4 

100.0 

98.  1 
96.  7 

95.0 
90.7 
88.4 

85.  1 

78.2 

00.  0 
113 
10.7 
0.  7 
1.1 
0.4 

0.3 
0.3 
0.3 

1.3 

o.l 
1.4 
2.8 

0.  8 

15.3 
41.2 
9.4 
8.1 
3.0 
8.6 

99  s 
99.  5 
99.2 

98.9 
97.  0 
97.2 
95.8 
93.0 

80.  2 
70.9 
29.  7 
20.3 
12.  2 
9.2 

24,000-25,999 

0.5 
0.3 
0.1 
0.5 
0.6 

1.3 
3.4 
4.6 
24.4 
47.6 
14.  2 
2.1 

99.8 
99.  3 
99.  0 
98.9 
98.4 

97.8 

9(1.  5 
93.  1 
88.5 
64.  1 
10.  5 

2.3 

0.2 
0.  1 
o  1 
0.1 
0.3 

0.0 
2.3 
2.1 
ti.  s 
39.  2 
40.5 
0.2 

99.4 
99.  2 
99.1 
99.0 

98.9 

98.6 

98.(1 

95.  7 
93.6 

47.0 
7.1 

26,000-27,999 

28,000-29,999    - 

30,000-31,999 --- 

32,000-35,999 

36,000-39,999         

40,000-44,999                           

45,000-49,999.-.- 

50,000-54,999     _   

55,000-59,999 

(3) 

(3) 

0.1 

0.1 

(3) 

(3) 

0.0 

0.6 

0.2 

100.0 

0.2 

0.9 
100.0 

0.9 

TOTAL      _      ..             

100.  0 

100.  0 

100.0 

inn.  0 

i  Percentages  in  this  column  ar 

2  Open-end  weight  classes  are  si 
ype. 

3  Less  than  0.1  percent. 

e  an  in\  i  i  e 
town  for  eacl 

cumulation  c 
visual  vehic 
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RELATIONSHIP  OF  REGISTERED    GROSS   WEIGHTS 
OF    3-2   COMBINATIONS  TO  RECORDED  EMPTY 
WEIGHTS  OF  THEIR  POWER  UNITS 


_I957  LOADOMETER 
DATA 

1961  LOADOMETER 
DATA 
CALIFORNIA  DATA 


PERCENT   DISTRIBUTION   OF  SAMPLE  OBSERVATIONS 


COMBINED  LOADOMETER 

DATA 

CALIFORNIA    DATA 


10  20  30  40  50  60  70 
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80 


Figure  H. — Empty  to  gross  weight  relationships  and  relative  distribution  of  5 -axle,  truck- 
full  trailer  combinations  (3-2). 


Table  1. — Comparison  of  relative  numbers  of  motor  vehicles  observed  in  the  1957  and  1961  loadometer  studies  by  recorded  empty  weights 

of  power  units 


Recorded  empty  weight  of 
power  unit 

Single-unit  trucks 

\  chicle  combinations 

2-axle 

3-axle  (2-S1) 

4-axle  (2-S2) 

1957 

1961 

1957 

1961 

1957 

1961 

I'miiids 
i  tider»3,i 

Pel. 
1.8 

Cumu- 
lated Pets 

100.0 

Pet. 

1.5 

Cu  m  n  - 

Med  Pet.' 

100.0 

Pet. 

( 'a mu- 
tated PctS 

Pet. 

( 'u  ulu- 
lated Pet.' 

Pet. 

Cu  m  ii  - 
lated  Pet.' 

Pet. 

Cumu- 
lated PelS 

Under  2  5,000.  . 

4.0 

100.0 

0.5 

100.0 

0.1 

100.0 

0.3 

100.  0 

3,000-3,999 

I  '    I 
22. 1 
7.  s 
7.8 
7.3 

5.1 

2.7 
1.4 
0.6 

0.4 

98.  2 

55.8 
33.7 
25.9 
18.1 

10.8 
5.7 
3.0 
1.6 
1.0 

39.4 

24.0 

9.5 

7.2 
3.6 

4.1 
3.5 
2.  6 
1.8 

1.1 

98.5 
59  1 
35.  1 

25.  ti 

is   1 

14.8 
in.  7 
7.2 
4.6 
2.8 

4,000-4,999      -   

5,000-5,999 

9.1 

22.  0 
23.4 

18.4 
14.3 
5.2 
3.6 

96.0 
86.  9 
64.9 

41.5 
23. 1 
8.8 
3.6 

2.6 

7.3 
16.7 

24.3 

18.3 
15.8 
6.8 

99.5 
96.9 
89.6 

72.9 
48.6 
30.3 

14.5 

0.6 

3.7 
4.7 

9.7 
23.7 
26.  o 
12.4 
12.4 

4.5 

99.  9 

99.3 
95.6 

90.  9 
81.2 

57.5 
31.5 
19.  1 
6.7 

0.8 
2.8 
2.6 

8.5 
15.0 
23.1 
20.4 
18.2 

5.  7 

99.7 
98.9 
96.  1 

93.5 
85.0 
70.0 
46.9 
26.  5 
S.3 

0,0111 1-6,999 

7,000-7,999     

8,000-8,999- 

9, -9,999    

10,000-10,999—   

11,000-11,999 

12,000-12,999-          

13,000-13,999 

12,000  and  over  5 

(3) 

m 

7.7 

7.7 

13,000  and  over'.... 

0.6 

0.6 

1.7 

17 

14,000  and  ovei  ■    

2.2 
100.0 

2.2 

2.6 
100.0 

2.6 

100.0 

100.0 

100.0 

100.0 

1  Percentages  in  this  column  are  an  inverse  cumulation  of  the  percentages  in  the  preceding  column. 

i  ipi  n  end  weight  classes  are  show I  each  visual  vehicle  type  at  the  lower  end  and  upper  end  of  the  weight  classification  scale.     Each  open-end  class  applies  to  only  one  visual  vehicle 

type. 

•  Less  than  0.1  percent. 
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RELATIONSHIP  OF  REGISTERED  GROSS   WEIGHTS 
OF  2-S1-2  COMBINATIONS  TO  RECORDED  EMPTY 
WEIGHTS  OF  THEIR  POWER  UNITS 
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Figure  9. — Empty  to  gross  weight  relationships  and  relative  distribution  of~5-axle,  tractor- 
semitrailer ;  full  trailer  combinations  (2-S1-2). 
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Figure  10. — Relationship  of  the  recorded  empty  weights  of  the 
power  units  to  the  registered  gross  Heights  of  the  vehicles  based 
on  combined  1957  and  1961  loadometer  data. 
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12. — Range  of  recorded  empty  weights  of  2 -axle  trucks 
tered  by  gross  vehicle  Heights,  based  on  the  combined 
and  1961  loadometer  data. 
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Figure  11. — Scattergram  of  average  empty  weight  of  tractor 
trucks  and  of  semitrailers  by  registered  gross  combination 
weight,  and  lines  of  best  fit  (California  data). 
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Figure  13. — Range  of  recorded  empty  weights  of  3-axle  trucks 
registered  by  gross  vehicle  weights,  based  on  the  combined 
1957  and  1961  loadometer  data. 
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Table  7.— Comparison  of  number  and  percent  of  3-axle,  tractor-semitrailer  combinations  (2-S1)  by  tractor  recorded  empty  weights  and 

by  registered  gross  vehicle  weights,  1957  loadometer  data  ' 


Recorded  empty 

weight  of  tractor 

(pounds) 

Registered  gross  combination  weight  (pounds) 

Total 
num  ber 

Percen  t 
of  total 

0-17,999 

18,000- 
19,999 

20,000- 
21,999 

22,000- 

S.i.'IW 

24,000- 
25,999 

26,000- 
27,999 

28,000- 
29,999 

30,000- 
31,999 

32,000- 
35,999 

36,000- 
39,999 

40,000- 
44,999 

45,000- 

49,999 

54,999 

55,000- 

59,999 

60,000- 
64,999 

0-4,999: 

28 
13.1 

4 
1.9 

15 
3.1 

6 

2.8 

39 

8.0 

18 
8.4 

48 
9.8 

79 
6.7 

34 

2.7 

12 
5.0 

16 
3.3 

32 

2.  7 

20 
1.6 

28 
2.8 

10 
4.7 

32 

6.5 

54 
4.6 

25 

2.0 

33 
3.4 

11 

1.4 

5 
1.8 

4 
2  1 

17 
7.9 

40 
8.2 

78 
6.6 

146 
11.6 

47 
4.8 

26 
3.4 

6 
2.1 

8 
d  i 

20 

:i.  3 

88 
18.0 

347 
29.  4 

315 
25.1 

93 
9.4 

70 
9.1 

29 
10.5 

15 

7.8 

36 
16.8 

64 
13.1 

219 

18.5 

263 
20.9 

146 
14.8 

68 
8.9 

30 
10.8 

19 

i  s 

58 
27.1 

97 
19.8 

282 
23.9 

336 
26.7 

457 
46.4 

360 

46.9 

129 
46.6 

86 
44.  3 

3 
1    1 

1 

0.5 

10 

2.0 

17 
1.4 

28 
2.2 

51 
5.2 

1 

0.2 

1 
0.5 

2 
0.4 

}    214 

}    489 
}l,182 

}l.257 
}     985 
}     767 
}     277 
I     194 
k  365 

4.0 
9.1 
22.0 
23.4 
18.4 
14.3 
5.2 
3.6 
100.  0 

5,000-5,999: 

25 
5.1 

23 

1.9 

17 
1.4 

8 
0.8 

2 

0.3 

12 
2.  5 

24 
2.0 

24 
1.9 

60 
6.1 

67 
8.7 

16 

5.8 

8 
4.1 

6,000-6,999: 

14 
1.2 

28 
2.2 

8 
0.8 

5 

0.7 

13 
1.1 

18 
1.4 

8 
0.8 

4 
0.5 

1 
0.4 

1 
0.5 

90 
1.7 

7,000-7,999: 

1 

0.1 

7 
0.7 

14 

1.8 

2 

0.2 

3 
0.3 

0.3 

7 
2.5 

7 
3.6 

24 
0.4 

8.000-8,999: 

36 
3.7 

8 
1.1 

3 

1.1 

3 
1.6 

229 
4.3 

9,000-9,999: 

10 
1.3 

3 

1.1 

2 
1.0 

123 
2.3 

120 
15.6 

40 
14.4 

34 
17.  5 

Percent 

10,000-10,999: 

8 
2.9 

7 
3.6 

11,000-11,999: 

TOTAL: 

103 
1.9 

74 
1.4 

174 
3.3 

368 
6.9 

977 
18.2 

845 
15.7 

1,805 
33.6 

214 
4.0 

301 
5.6 

38 
0.7 

Percent.. 

i  The  portion  of  the  table  boxed  by  heavy  lines  represents  90  percent  or  more  of  the  vehicles  in  each  empty  weight  group. 


Table  8. — Comparison  of  number  and  percent  of  3-axle,  tractor-semitrailer  combinations  (2-S1)  by  tractor  recorded  empty  weights  and 

by  registered  gross  vehicle  weights,  1961  loadometer  data  ' 


Recorded  empty  weight 
of  tractor  (pounds) 

1 

Registered  gross  combination  w 

eight  (pounds) 

< 

Total 
number 

Percent 
of  total 

0-17, 999 

18,000- 
19,999 

20.000- 
21,999 

22,000- 
23,999 

24,000- 
25,999 

26,000- 
27,999 

28,000- 
29,999 

30,000- 
31,999 

32,000- 
35,999 

36.000- 
39,999 

40,000- 
44,999 

45,000- 
49,999 

50.000- 
54,000 

55,000- 
59,999 

60,000- 

64,999 

65,000 
and 
over 

0-4,999: 

2 
40.0 

1 
20.0 

2 
40.  0 

29.  1 

32 
47.0 

68 
43.9 

115 
50.9 

77 
45.3 

44 
29.9 

22 
34.  9 

it; 

22.2 

}        5 

}      24 
}      68 

}     155 

\     226 

J-     170 

\     147 

1      63 

}      72 

}     930 

0.5 

2.6 

7.3 

10.7 

24.3 

18.3 

15.8 

6.8 

7.7 

100.0 

5,000-5,999: 

1 
4.2 

1 
1.5 

6 
3.9 

3 
1.3 

1 
4.2 

5 
7.3 

5 
3.2 

3.  1 

5 

3  0 

8 
33.3 

14 
20.6 

14 
9.0 

14 

0.2 

4.1 
1.4 

5 
20.8 

10 
14.7 

47 
30.3 

37 
16.4 

24 

14.  1 

10 
0.8 

3 
4.8 

6 

8.3 

1 
4.2 

1 
1.5 

3 
1.9 

17 
7.5 

21 
12.4 

25 
17.0 

5 
7.9 

14 
19.  5 

1 
4.2 

6,000-6,999: 

1 
1.5 

1 
1.5 

1 
0.7 

1 
0.5 

1 
1.5 

2 
2.9 

1 
0.7 

1 

0.5 

7,000-7,999: 

3 

1.9 

4 
1.8 

3 

1.8 

1 
0.7 

3 

1.9 

17 

14 

8.2 

26 
17.7 

6 

9.5 

8 
11.1 

4 
2.6 

3 
1.3 

8,000-8,999: 
Number _  .  _ 

2 
0.9 

1 

0.4 

1 
0.6 

3 
1.8 

13 
7.6 

1 
0.4 

2 
1.3 

2 

3.2 

1 

1.4 

6 
0.6 

Percent 

9,000-9,999: 

5 
2.9 

6 

4.1 

4 
6.3 

6 
8.3 

10,000-10,999: 

1 
0.7 

1.4 

28 
19.0 

17 
27.0 

19 

26.  4 

11,000-11,999: 

4 

6.4 

63 

i,  8 

12,000  and  over: 

1 
1.4 

13 
1.4 

1 
1.4 

20 
2.8 

total: 
Number 

2 
0.2 

3 
0.3 

3 
0.3 

3 
0.3 

12 
1.3 

4 
0.4 

142 
15.  3 

383 
41.2 

S7 
9.4 

75 
8.1 

28 
3.0 

80 
S  6 

Percent ._ 

1  The  portion  of  the  table  boxed  by  heavy  lines  represents  90  persent  or  more  of  the  vehicles  in  each  empty  weight  group. 
PUBLIC  ROADS  •  Vol.  32,  No.  7 


171 


16 


?A 


3     20 

<£. 
Ill 

o 

.      W> 

^O 
°2 
1-3 
X?I2 

UJQ 

?  o 

>°. 

111 


O 
O 

UJ 


Figure  14 
tractor- 
vehicle 
omcter 


90  PE 

RCENT    Ri 

INGE 

\ 

T 

T 

MED 

ANS^*"' 

■ 

24 


20 


z 

Cr. 

5 
o 

0. 


u.        16 
°<fl 
t-  ° 

Si -8 

>  ° 

CL  -     8 

2 

UJ 
Q 

g  « 

O 
O 
UJ 


10  20  30  40  50  60  70 

REGISTERED  GROSS   VEHICLE  WEIGHT-1,000  POUNDS 


80 


90  PERCENT 

RANGE 

\ 

MEDIANS 

■ 

10 


80 


— Range  of  recorded  tractor  empty  iveights  of  3 -axle, 
■semitrailer  combinations  (2-S1)  resistered  by  gross 
weights,  based  on  the  combined  1957  and  1961  load- 
data. 


20  30  40  50  60  70 

REGISTERED   GROSS    VEHICLE  WEIGHT-1,000  POUNDS 

Figure  15. — Range  of  recorded  tractor  empty  iveights  of  4-axle'- 
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Table  9. — Comparison  of  number  and  percent  of  4-axle,  tractor-semitrailer  combinations  (2-S2)  by  tractor  recorded  empty  weights  ant 

by  registered  gross  vehicle  weights,  1957  loadometer  data ' 


Recorded  empty  wekht  of 
tractor  (pounds) 

Registered  gross  combination  weight  (pounds) 

Total 
number 

Percent 
of  total 

0-23,999 

24.000- 
25,999 

26.000- 
27,999 

■-'S.IHIII 
29,999 

30.000- 
31.999 

32,000- 
35.999 

30,000- 
39,999 

40.000- 
44.999 

45.000- 
49,999 

50,000- 
54,999 

55.000- 
59.999 

60.000- 
64.999 

65.000- 
69.999 

70.000 
and  over 

0-4.999: 

2 

■js.  r, 

3 
42.8 

2 

4.8 

31 
12.0 

43 
13.1 

56 
8.2 

54 
3.2 

2 
28.6 

7 
16.6 

71 
27.4 

32 
9.7 

53 

7.7 

79 
4.7 

42 
2.3 

}         7 
I        ^ 
}      259 
}      329 
}      685 
}  1,672 
}  1,835 
}      872 
}      873 
}      318 
}      152 
}  7,044 

0.1 

0.6 

3.7 

4.7 

9.7 

23.7 

26.0 

12.4 

12  4 

4.5 

2.2 

100.0 

5.000-5.999: 
Number 

1 
2.4 

6 
2.3 

1 
0.3 

2 
0.3 

4 
0.2 

1 
0.1 

7.  1 

7 
16.6 

3 
1.  1 

2 
4.8 

2 

0.  S 

2 
4.8 

6 
2.3 

10 
3.0 

1 
2.4 

2.7 

8 
2.4 

1 
2.4 

23 
8.9 

11 

3.4 

18 
2.6 

13 
30.9 

50 
19.3 

118 
35.9 

264 
38.6 

546 
32.7 

417 
22.7 

190 
21.8 

83 
9.5 

18 
5.7 

21 
13  8 

2 

4.8 

38 
14.7 

70 
21.3 

182 
26.6 

648 
38.8 

985 
53.6 

505 
57.9 

650 
74.5 

206 
64.8 

64 
12.  1 

1 

2.4 

6 
2.3 

Percent 

6.000-6.999: 
Number _ 

16 
6.2 

3 
0.9 

1 
0.1 

3 
0.2 

2 
0.1 

Percent 

7.000-7.999: 

Number.-. 

2 
0.6 

4 
0.6 

2 
0.1 

1 
0.1 

1 

0.1 

3 
0.9 

1 
0.1 

1 
0.1 

1 
0.1 

27 
8.2 

95 
13.9 

279 
16.7 

310 
16.9 

107 
12.3 

91 
10.4 

41 
12.9 

44 
28.9 

1 
0.3 

8,000-8.999: 
Number 

1 
0.1 

11 
0.7 

2 
0.1 

4 
0.5 

8 
1.2 

12 
0.7 

4 
0.2 

1 
0.1 

Percent 

9.000-9.999: 

27 
1.6 

5 
0.3 

3 

0.3 

1 
0.1 

1 
0.3 

4 
0.2 

35 
1.9 

40 
4.6 

21 
2.4 

2 

0.1 

2 
0.1 

2 
0.2 

5 
0.6 

Percent 

10.000-10.999: 
Number 

28* 
1.5 

11 
1.3 

7 
0.8 

3 

0.9 

1 
0.7 

239 
3.4 

Percent .  

11.000-11  999: 
Number 

8 
0.9 

13 
1.5 

7 
2.2 

8 
5.3 

322 
4.6 

Percent.. 

12.000-12.999: 
Number _   .   . 

1 
0.1 

1 
0.1 

3 

0.9 

Percent 

13.000-13.999: 
Number 

39 
12.3 

9 
5.9 

Percent 

14.000  nnd  over: 
Number 

5 
3.3 

17 
0  2 

total: 
Number 

18 
0.2 

32 

0.5 

20 
0.3 

10 
0.1 

36 
0.5 

41 
0.6 

90 
1.3 

1,720 
24.4 

3,  350 
47.6 

1,001 
14.2 

148 
2.1 

Pen  enl 

'  1  he  i  crticn  of  the  table  bo.u  d  by  heavy  lines  rcf  resents  £0  rercent  or  more  of  the  vehicles  in  each  empty  weight  group. 
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'igure  16. — Range   of  recorded    tractor  empty    weights   of   5-a.xle,  Figure  17. — Range  of  recorded  truck  empty  weights  of  5-a.xle,  truck 

tractor-semitrailer     combinations     (3-S2)     registered     by     gross  J ull-trailer  combinations  (3-2)  registered  by  gross  vehicle  weights, 

vehicle  weights,  based  on  the  combined  1957  and  1961  loadometer  based  on  the  combined  1957  and  1961  loadometer  data, 
data. 


Table  10. — Comparison  of  number  and  percent  of  4-axle,  tractor-semitrailer  combinations  (2-S2)  by  tractor  recorded 

and  by  registered  gross  vehicle  weights,  1961  loadometer  data1 

empty 

weigh! 

s 

Recorded  empty  weight  of 
tractor  (pounds) 

Registered  gross  combination  weight  (pounds) 

Total 
number 

Percent 
of  total 

0-23.999 

24,000- 
25.999 

26.000- 
27.999 

28.000- 
29,999 

30,000- 
31 ,999 

32,000- 

:(.-,  999 

36,000- 

39.999 

40,000- 
44.999 

45.000- 
49,999 

50,000- 
54,999 

55.000- 
59.999 

60,000- 
64,999 

65.000- 

69.999 

70.000 
and  over 

0-4,999: 

1 
16.6 

1 
7.1 

1 
2.0 

1 
16.7 

1 
7.2 

5 

10.0 

3 
6.3 

5 
3.3 

8 
2.9 

5 
1.2 

2 

0.5 

6 
1.8 

3 

2.9 

2 
33.3 

4 

28.6 

14 
28.0 

9 
18.8 

27 
17.5 

27 
9.9 

22 

575 

7 
1.9 

9 
2.7 

2 

2.0 

\ 

1 

16.7 

1 
7.1 

4 
8.0 

11 

22.9 

22 

1475 

82 
30.1 

20.5 
48.  9 

167 
45.0 

169 
51.1 

50 
48.5 

24 
51.1 

1 
16.7 

}         « 

!    " 

}         50 

}         48 
}       154 

|       273 

}       419 

}       371 

}      331 

}       103 

}         47 
\  1,816 

0.3 

0.8 

2.8 

2.6 

8.5 

15.0 

23.1 

20.4 

18.2 

5.7 

2.6 

100.0 

5,000-5,999: 

2 
14  5 

5 
35.7 

22 
44.0 

21 
43.7 

87 
56.5 

136 
49.8 

139 
33.2 

147 
39.6 

109 
32.9 

25 
24.3 

20 
42.5 

.     6,000-6,999: 

2 
4.0 

1 
2.0 

1 

2.0 

Percent 

7,000-7,999: 

4 

8.3 

8,(100-8,999: 

1  . 

0.6 

1 
0.6 

2 
0.7 

2 
0.5 

1 
0.3 

4 
2.6 

3 

1.1 

5 
3.3 

1 
0.7 

9 
3.3 

1 
0.6 

9,000-9,999: 

6 
2.2 

6 
1.4 

8 
2.  2 

5 
1.5 

10 
9.7 



10,000-10,999: 

4 
1.0 

1 
0.2 

1 

0.2 

31 

7.4 

37 
10.0 

24 
7.3 

10 
9.7 

1 
2.1 

3 

0.7 

2 
0.5 

5 
1.5 

3 

2.9 

2 
4.3 

17 
0.9 

11,000-11,999: 

12,000-12,999: 

2 
0.6 

2 

0.6 

13,000-13,999: 

14,000  and  over: 

total: 

11 
0.6 

3 

0.2 

2 
0.1 

1 

0.1 

2 

0.1 

6 

0.3 

11 
0.6 

41 
2.3 

39 
2.1 

123 

6.8 

711 
39.2 

736 
40.5 

113 
6.2 

Percent 

) 

1  The  portion  of  the  table  be 
•UBL1C  ROADS  •  Vol.  32,  N 

xed  by  Ik 
o.  7 

avy  lines 

represent 

s  90  perce 

it  or  mon 

'  of  the  ve 

hides  in  e 

ach  empt 

y  weight ! 

iroup. 

17 

' 

174 


lOrt  t-I  ,-H 


(ON  i-h  « 


iO  iO  coco 


CM  CO  00  O 


CO  i-h 
o     . 


CM©  ffiQ 


o  --1  --t 


ION  >— i  r 


-  ©  CN  O 


t+h  CM 
OS  . 
CM  O 


O  --"-<  ^H"-t 


©  f 

■**  CO 

©    . 

©      . 

CM  *0 

CO  00 


COCO 


iO  »o  ©CO 

N-      .  -*      . 

lOiO  CO  N. 


iO  CO  GO  •■* 

©      .  ©      . 

O)  CM  © 


©CO 
N-      . 

©© 


-#  CN 


©  »0 

©      . 
CO  »o 


©   r-H 

CO      . 


©  CM 

©      - 
©CM 


-HO 

CM  CM 


©  iO 
CM  N 


CM      . 
N.  © 


CO  00  N-  CO 


i-i  CO 


-h  CM 

©      . 


©  iO 

1-1  © 


i-h  CM 
COCO 


iO  CO 

OS       . 

©  © 


1-H  F-t  ©CO 


-*  © 

Ore 

©    . 

©     . 

iO  CO 

CO  ©  ©  © 


-*f  © 

N-      . 

CM  © 


O  »o 

©  CO 


*-t  to 

OO       . 

oo  r>- 


©  © 

to  to 

tH(N 

©  ^ 

CM      . 

»o     . 

©  "# 

■<*  CM 

CM  >-H 

--H  CO 

© 

iO  o 

00  >o 


©  © 
©  © 


CO  © 
CO  . 
CO  © 


ON- 
lO  . 
CM  CM 


©  H 
CO  . 
CM  CO 


©  © 

»o  N 


O  I-i  »0  CO  T-H   r-l 


©      . 
•O  CO 


©  CO 
CO  ^ 


iO  CO 

GO       . 

rf  CO 


©  ^ 


©X 
»o     . 

r-l  O 


©  ©  "*  CO 

*0      •  CM      . 

CM  CM  © 


©o 

~r  io 

©>* 

CM      . 

CO  N- 

00  N. 

CO      . 

O  CI 


ft  8 


So 


•°  s 

S  E  p. 
ci  Z,  Cm 


SB  a 

"So 


g£PH 


»B| 


.ras 
is  * 


op  a  g 

g£eu 

00* 


©  © 
■^1  "* 


N-  © 
©  •"# 


N-  CO 

tO      . 
N-© 


tOtO 
-*      . 

r  r 


§^9 

o  a  c 

glZA, 


343  a 


All 


\fi  a 

as 


<=ZPh      <=.£Ph       o.^o,      o.fcf^       g 


<3S 


April  1963  •  PUBLIC  ROAI 


24 


=>      20 

CE 
UJ 

O 

0.        16 

Si 

I  O  |2 


o 
o 
o 


Q 
UJ 
Q 
(x 
O 

o 

UJ 


90  PERCENT    RANGE ~^ 

** 

MEDIANS  ^ 

10  20  30  40  50  60  70 

REGISTERED   GROSS    VEHICLE  WEIGHT-I  000  POUNDS 


80 


Figure  18. — Range  of  recorded  tractor  empty  weights  of  5-axle, 
tractor-semitrailer,  full-trailer  combinations  (2-S1-2)  registered 
by  gross  vehicle  weights,  based  on  the  combined  1957  and  1961 
loadometer  data. 


Table  12. — Table  for  estimating  the  distribution  of  3-axle,  single-unit  trucks  grouped  by  recorded  empty  weights,  by  groups  of  probable 

registered  gross  vehicle  weights 


Recorded  empty 

weight  of  trisck 

(pounds) 

Registered  gross  vehicle  weight  (pounds) 

Total 
number 

Percent 
of  total 

Under 
18,000 

18,000- 
19,999 

20,000- 
21,999 

22,000- 
23,999 

24,000- 
25,999 

26,000- 
27,999 

28,000- 
29,999 

30,000- 
31,999 

32,000- 
35,999 

36,000- 
39,999 

40,000- 
44,999 

45,000- 

50,000 
and  over 

Under  9,000: 
Number 

99 
16.1 

21 
5.1 

11 

2.1 

8 
1.9 

7 
1.3 

1 
0.2 

2 
0.4 

1 
0.1 

1 

0.2 

1 
0.3 

33 

5.4 

3 

0.7 

4 
0.8 

1 

0.2 

1 
0.2 

1 
0.2 

2 
0.4 

34 

5.5 

11 

2.7 

6 
1.2 

5 

1.2 

2 
0.4 

2 
0.5 

9 

0.4 

1 

0.1 

29 
4.7 

16 
3.9 

9 
1.8 

19 
4.5 

4 

0.7 

10 
2.3 

2 
0.4 

3 

0.4 

9 
1.8 

1 
0.3 

1 
0.2 

1 

0.2 

2 
0.1 

106 
1.5 

63 
10.3 

52 
12.7 

23 

4.5 

19 

4.5 

11 
2.1 

7 
1.6 

5 
1.0 

1 

0.1 

6 
1.2 

3 

0.8 

1 
0.2 

42 
6.8 

17 
4.1 

41 
8.0 

20 
4.7 

12 
2.3 

11 

2.5 

9 
1.8 

11 
1.3 

9 
1.8 

2 
0.5 

12 

2.7 

3 

0.6 

16 
1.2 

205 
2.8 

42 
6.8 

32 

7.8 

30 
5.9 

38 
9.0 

15 
2.8 

21 
4.8 

7 
1.4 

7 
0.9 

10 

2.1 

7 
1.9 

3 

0.7 

1 

0.2 

1 
0.1 

214 
2.9 

58 
9.5 

51 

12.4 

36 
7.1 

28 
6.6 

18 
3.4 

33 

7.5 

26 
5.1 

23 

2.S 

15 
3.1 

5 
14 

5 
1.1 

3 

0.6 

21 
1.6 

322 
4.4 

51 
8.3 

93 
22.6 

145 
28.5 

70 
16.5 

63 
11.9 

74 
16.9 

40 
7.9 

27 
3.3 

29 
6.0 

42 
11.5 

14 
3.2 

50 
10.7 

10 
0.8 

708 
9.6 

54 
8.8 

69 
16.8 

137 
26.9 

133 
31.4 

134 
25.3 

72 
16.4 

124 
24.6 

50 
6.1 

32 
6.6 

99 
27.0 

111 
25.3 

47 
10.1 

112 
8.3 

1,174 
16.0 

99 
16.1 

42 
'      10.2 

63 
12.4 

72 
17.0 

140 
26.5 

99 
22.6 

119 
23.6 

212 
25.  9 

14! 
29.6 

173 
47.3 

118 
26.9 

212 

45.3 

164 
12.2 

1,657 

22.5 

9 
1.5 

o 
0.5 

4 
0.8 

7 
1.6 

101 
19.1 

104 
23.8 

153 
30.4 

470 
57.5 

204 
42.0 

15 
4.1 

156 
35.5 

108 
23.1 

940 
70.0 

2,273 
30.9 

1 
0.2 

0 

0.5 

}      614 

1      4U 
}      509 

424 

}      529 

}      438 

}      504 

}      818 

}       486 

}      306 

}      439 

}      468 

}  1,343 

}  7,349 

8.3 

5.6 

6.9 

5.7 

7.2 

6.0 

6.9 

11.1 

6.6 

5.0 

6.0 

6.4 

18.3 

100.0 

Percent 

9,000-9,999: 
Number 

Percent 

10,000-10,999: 

11,000-11,999: 
Number 

4 
0.9 

21 
4.0 

3 

0.7 

13 
2.6 

12 
1.5 

27 
5.6 

18 
4.9 

14 
3.2 

43 
9.2 

75 
5.6 

233 
3.2 

Percent 

12,000-12,999: 
Number 

Percent 

13,000-13,999: 
Number 

Percent 

14,000-14,999: 
Number 

Percent 

15,000-15,999: 
Number 

Percent 

16,000-16,999: 

Percent .. 

17,000-17,999: 

18,000-18,999: 
Number 

2 
0.5 

2 
0.5 

Percent    .. 

19,000-19,999: 

20,000  and  over: 

2 
0.1 

193 
2.6 

total: 
Number... 

152 
2.1 

47 
0.6 

65 
0.9 

Percent 
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Table  13.— Table  for  estimating  the  distribution  of  3-axle,  tractor-semitrailer  combinations  (2-S1)  grouped  by  recorded  empty  weigi 

by  groups  of  probable  registered  gross  vehicle  weights 


Recorded  empty  weight 
of  tractor  (pound 

Registered  gross  combination  weight  (pounds) 

Total 
number 

Percer. 
of  tota- 

Under 
18.000 

18,000- 
19,999 

20,000- 
21,999 

22,000- 
23,999 

24,000- 
25,999 

26,000- 
27,999 

28,000- 
29,999 

30,000- 
31,999 

32,000- 
35,999 

36,000- 

■M,\m 

40,000- 
44,999 

45,000- 
49,999 

50,000- 
54,000 

55,000- 
59,999 

60,000- 
64,999 

65,000 
and 
over 

Under  5,000: 

30 
13.7 

25 
4.9 

24 
1.9 

17 
1.2 

8 
0.7 

2 

0.2 

5 
2  3 

15 
2  9 

14 
1.1 

28 
2.0 

9 
0.7 

6 
0.6 

6 

2.7 

39 
7.6 

14 
1.1 

19 

1.3 

9 
0.7 

0.4 

1 

0.2 

1 

0.3 

18 
8.2 

48 
9.4 

80 
0.4 

37 
2.6 

40 
3.3 

11 
1.2 

4 
0.9 

3 
1.1 



12 
5.5 

16 
3.1 

34 
2.7 

21 
1.5 

29 
2.4 

10 
1.1 

3 

0.7 

2 
0.8 

10 
4.6 

33 
6.4 

55 

4.4 

31 

2.2 

36 
3.0 

11 
1.2 

6 
1.4 

4 
1.6 

1 

1.4 

187 
3.0 

17 
7.8 

41 
8.0 

83 
6.7 

151 
10.7 

54 
4.5 

31 
3.3 

8 
1.9 

8 
3.1 

1 
1.4 

394 
6.3 

20 
9.1 

96 
18.7 

361 
28.9 

329 
23.3 

107 
8.9 

77 
8.2 

31 
7.3 

19 
7.4 

1,040 
16.5 

36 
16.4 

69 
13.5 

229 
18.3 

310 
22.0 

183 

15.1 

92 
9.8 

40 
9.4 

22 
8.6 

6 
8.3 

987 
15.7 

60 
27.4 

104 
20.3 

314 
25.1 

404 
28.6 

572 
47.2 

437 
46.7 

173 
40.8 

108 
42.0 

16 
22.2 

2,188 
34.8 

3 
1.3 

13 

2.5 

25 
2.0 

27 
1.9 

77 
6.4 

88 
9.4 

41 

9.7 

13 
5.1 

14 
19.5 

301 

4.8 

1 

0.5 

11 

2.1 

17 
1.4 

31 
2.2 

68 
5.6 

134 
14.3 

66 
15.6 

40 
15.6 

8 
11.1 

376 
6.0 

1 

0.2 

1 
0.5 

2 
0.4 

}    219 
}    513 
}l,  250 
}l,412 
}l,211 
}    937 
}    424 
}    257 
}      72 
J6, 295 

3.5 

8.2 

5,999: 

6,999: 

19.9 

7,000-7,999: 

5 
0.4 

10 

0.8 

19 
2.0 

14 
3.3 

11 
4.3 

6 
8.3 

66 
1.0 

2 
0.1 

6 

0.5 

15 
1.6 

35 
8.3 

24 
9.3 

19 
26.4 

104 
1.7 

1 
(') 

2 
0.5 

2 
0.8 

1 
1.4 

6 
0.1 

22.4 

8,000-8,999: 

Number 

2 
0.2 

19.2 
14.9 
6.7 

Percent     ...      ...    .- 

9,000  9,999: 

10,000-10,999: 

11,000-11,999: 

4.1 

Percent 

12,000  and  over: 

1. 1 

total; 
Number... ..  . 

2 

0) 

106 
1.6 

1.2 

93 
1.5 

241 
3.8 

127 
2.0 

100.0 

i  Less  than  0.1  percent. 

Table  14. — Table  for  estimating  the  distribution  of  4-axle,  tractor-semitrailer  combinations  (2-S2)  grouped  by  recorded  empty  weight 

by  groups  of  probable  registered  gross  vehicle  weights 


Recorded  empty  weight  of 
tractor  (pounds) 


Under  5.000: 
Number. . 
Percent... 


5 .000-5 .999: 
Number. 
Percent.. 


6.000-6,999: 

Number. 
Percent- 


7,000-7.999: 
Number. 
Percent  . 


8,000-8.999: 
Number. 
Percent.. 


9.000-9,999. 

Number. 
Percent— 


10.000-10,999: 
Number 
Percent 


11,000-11,999: 
dumber 
Pei  cent 


12,000  12.999 
\  umbei 
Percent—  . 


13.000  13.999 
Numbei 
i''  rcent 


1 1,000 i  ovei 

Numbei 
Percenl 


I  0  I   '.  I 

\  111' I  lir. 

Percent 


Registered  gross  combination  weight  (pounds) 


Under 

.'I. i  ii  in 


2 
15.4 


3 
5.3 


1 
0.3 


3 
0.4 


4 
0.2 


5 
0.2 


3 
0.3 


29 
0.3 


24.000- 

25  '.Ml 


4 
7.1 


17 

5.5 


3 

0.8 


1 
0.1 


3 

0.2 


2 
0.1 


1 
0.1 


35 
0.4 


20.000- 
27.999 


12.5 


3 
1.0 


2 
0.5 


0.5 


2 
0.1 


(') 


1 
0.1 


2 
0.2 


22 
0.2 


28.000- 
29.999 


2 
3.6 


2 
0.6 


1 
0.1 


1 
0.1 


2 
0.1 


11 
0.1 


.in  i  ii  ii  i 
31,999 


3.6 


2.3 


10 

2.7 


1 
0.1 


II 
0.5 


3 
0.1 


4 
0.3 


38 
0.4 


32.000- 

35.W.I 


1 
1.8 


7 
2.3 


2.1 


9 
1.1 


6 
0.3 


2 
0.2 


47 
0.5 


36.000- 
39.999 


1 
1.8 


23 

7.4 


15 
3.9 


22 
2.6 


30 
1.5 


5 
0.2 


3 

0.2 


1 
0.1 


1 
0.2 


101 
1.1 


40.000- 
44,999 


3 
23.1 


3.6 


32 
10.1 


43 
11.4 


61 

7.3 


60 
3.0 


34 

1.5 


19 
1.5 


12 
1.0 


13 

3.  1 


1 
0.5 


280 
3.2 


45.000- 
49,999 


3 
23.1 


8 
14.2 


76 
24.6 


35 
9.3 


58 
6.9 


4.5 


47 
2.1 


10 
0.8 


19 
1.6 


10 
2.4 


4.0 


301 
4.1 


50.000- 
54.999 


2 
15.3 


17 
30.4 


64 

20.7 


127 
33.7 


291 
34.7 


573 
29.5 


439 
19.5 


197 
15.9 


92 
7.6 


20 
4.8 


21 
10.6 


1,843 
20.8 


55.000- 
59,999 


7 
12.5 


60 

19.4 


91 
24.1 


269 
32.1 


784 
40.3 


1,124 


652 
52.5 


759 
63.0 


231 

54.9 


42.2 


4, 061 
45.9 


60,000- 
64.999 


1 
7.7 


2 
3.6 


10 
3.2 


38 
10.1 


117 
13.9 


361 
18.6 


515 
22.9 


274 
22.0 


260 
21.6 


91 
21.6 


68 
31.2 


1,737 
19.6 


65.000- 
69.999 


1 
0.1 


13 
0.7 


66 
2.9 


77 
6.2 


45 


49 
11.6 


10 

5.0 


261 
3.0 


70.000 
and  over 


1 
0.3 


1 
0.1 


2 
0.1 


5 
0.2 


4 
0.3 


10 

0.8 


3 
0.7 


7 
3.5 


34 
0.4 


Total 
number 


56 


309 


377 


839 


1,945 


1,243 


1,204 


421 


199 


,  800 


Percent 
of  total 


0.1 


0.6 


3.5 


4.3 


9.5 


22.0 


25.4 


13.6 


4.8 


2.2 


1  Less  than  o.i  percent. 
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Table  15. — Table  for  estimating  the  distribution  of  5-axle,  tractor-semitrailer  combina- 
tions (3-S2)  grouped  by  recorded  empty  weights,  by  groups  of  probable  registered  gross 
vehicle  weights 


Recorded  empl  \ 

weight  of  tractor 

(pounds) 

Registered  gross  combination  weight  (pounds) 

Total 
number 

Percent 
of  total 

Under 

50,000 

5i  l.Dl  'II 
54,999 

;  -..inn 
59,999 

60,000- 

64,999 

65,000- 
69,999 

Tll.lll  HI 
7  1, 'Ml 

77., in  in 

and  ovei 

Under  12,000: 
Number 

136 
18.3 

27 
3.1 

12 
1.8 

11 
1.3 

2 
0.3 

2 

0.4 

1 
0.1 

48 
6.5 

57 
6  6 

20 
3.0 

16 
1.9 

1.0 

2 
0.4 

55 
7,4 

42 
4.8 

42 
6.4 

36 
1  2 

8 
1.  1 

2 
0.4 

3 

0.4 

4 
0.7 

192 
3.3 

197 
26.5 

215 
24  7 

164 
24.8 

199 
23.2 

167 
22.9 

93 
16.9 

17 
2.1 

18 
3.0 

1,070 
18.3 

129 
17.4 

316 

36.2 

183 
27.7 

145 
16.9 

154 
21.  1 

211 
37.3 

37 
4.5 

41 
6.8 

1,216 
20.9 

172 
23.  2 

207 
23.  7 

234 
35.5 

(38 
51.0 

345 
47.4 

205 
38.4 

712 
86.9 

282 

46.  7 

2,595 
44.5 

5 
0.7 

8 
0.9 

5 

il  v 

13 

1,5 

45 
6.2 

34 
6  2 

49 

6.  0 

257 
42.6 

416 

7.  1 

}        742 
}        872 
}         660 
}         858 
}        728 
}        549 
\        819 
}        603 
5,831 

12.7 
15  0 
11.3 
14.7 
12.5 
9  1 
14.1 
10.3 
100.0 

Percent      .  

12,000-12,999: 
Number   

Percent 

13,000-13,999: 
Number  _   _       _     _ 

Percent 

14,000-14,999; 

Number 

Percent -.. 

15,000-15,999: 
Number     

Percent 

16,000-16,999: 
Number 

Percent,. 

17,000-17,999: 

Number 

Percent- - 

18,000  and  over: 
Number 

1 
0.2 

151 
2.6 

Percent 

TOTAL: 

Number 

191 
3.3 

Percent 

Table  16. — Table  for  estimating  the  distribution  of  5-axle  truck,  full-trailer  combinations 
(3-2)  grouped  by  recorded  empty  weights,  by  groups  of  probable  registered  gross  vehicle 
weights 


Recorded  empty  weight  of  truck 
(pounds) 

Registered  gross  combination  wei 

;ht  (pounds; 

Total 
number 

l'i  refill 
of  total 

Under 
60,000 

60,000- 
64,999 

65,000- 
69,999 

70,000- 
74,999 

75,000- 
79,999 

80,000 
and  over 

Under  14,000: 

10 
27.8 

2 
5.6 

3 

8.3 

2 
6.5 

5 
10.7 

5 
5.1 

11 
9.3 

11 
7.0 

5 
3.6 

14 
38.9 

21 

67.7 

11 
23.4 

31 
31.6 

52 
44.1 

87 
55.0 

75 
53.6 

10 
16.9 

2 
10.0 

8 
100.0 

311 
43.5 

7 
19.4 

7 
22.6 

28 
59.6 

57 
58.2 

52 
44.1 

54 
34.2 

56 
40.0 

40 
67.8 

18 
90.0 

}        36 

}        31 

}        47 
}        98 

}      118 

}      158 

!■      140 

|        59 

}        20 

}          8 
}      715 

5.0 

4.3 

6.6 

13.7 

16.5 

22.  1 

19.6 

8.3 

2.8 

1.1 

100.0 

14,000-14,999: 

1 

3.2 

1 
2.  1 

5 
5.1 

2 

1.7 

5 
3.2 

3 
2.  1 

4 
6.8 

15,000-15,999: 

1 
2.1 

1 
2.1 

16,000-16,999: 

17,000-17,999: 

1 
0.8 

18,000-18,999: 

1 
0.6 

1 
0.7 

19,000-19,999: 

20,000-20,999: 

5 

8.5 

21,000-21,999: 

22  000  and  over: 

TOTAL: 

17 
2.4 

5 
0.7 

42 
5.9 

319 
44.6 

21 
2.9 
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Table  17.— Table  for  estimating  the  distribution  of  5-axle,  tractor-semitrailer  full  trailer 
combinations  (2-S1-2)  grouped  by  recorded  empty  weights,  by  groups  of  probable  regis- 
tered gross  vehicle  weights 


Recorded  empty 

(it  of  tractor 
(pounds) 

Registered  gross  combination  weight  (pounds) 

Total 
number 

Percent 
of  total 

50,000- 
54,999 

55,000- 
59,999 

60,000- 
64,999 

65,000- 
69,999 

70,000- 
74,999 

75,000- 
79,999 

30,1 

and  over 

Under  10,000: 

1 

50.0 

1 
50.0 

2 
22.2 

4 
28.6 

9 
33.3 

100.0 

77.8 

30 
44.1 

}       » 
}       » 
}      " 
}      « 

}        ' 

}        9 
}      68 

3.0 
13.2 
20.6 
39.7 
10.3 
13.2 
100.0 

10,000-10,999: 

1 
11.1 

2 
14.3 

1 
3.7 

6 
66.7 

6 
42.9 

14 
51.9 

11,000-11,999: 

1 

7.1 

1 
3.7 

1 
7.1 

2 
7.4 

12,000-12,999: 

13,000-13,999: 

14,000  and  over: 

2 
22.2 

28 
41.2 

total: 

1 
1.5 

2 
2.9 

4 
5.9 

3 

4.4 

Table  18. — Empty  weight  to  gross  weight 
ratios  of  single-unit  trucks  and  tractor- 
semitrailers,  at  selected  gross  vehicle 
weights 


Vehicle  type 

Ratio  of  gross  vehicle 
weight  to — 

Empty 

weight  of 

power  unit 

only 

Empty 

weight  of 

entire 

vehicle 

Single-unit  trucks: 
2-axle 

4,000  pounds  GVW 

32,000  pounds  GVW 

3-axle 

22,000  pounds  GVW 

50,000  pounds  GVW 

Vehicle  combinations: 
3-axle  (2-Sl) 

20,000  pounds  GVW 

50,000  pounds  GVW 

4-axle  (2-S2) 

30,000  pounds  GVW 

65,000  pounds  GVW 

5-axle  (3-S2) 

50,000  pounds  GVW 

75,000  pounds  GVW 

1.2 
2.7 

2.2 
2.8 

3.2 

5.5 

3.9 
5.8 

4.0 
4.8 

1.3 
2.5 

1.7 
2.8 

2.1 
2.7 

HIGHWAY  PROGRESS,  1962 

Annual  Report  of  the  Bureau  of  Public 
Roads,  Fiscal  Year  1962 

The  Bureau  of  Public  Roads,  U.S.  Depart- 
ment of  Commerce,  presents  a  review  of  the 
accomplishments  of  the  Federal-aid  highway 
program  and  of  its  many  other  activities  dur- 
ing the  fiscal  year  1962  in  its  annual  report, 
Highway  Progress,  1962. 

Included  in  the  112-page  illustrated  publi- 
cation is  a  descriptive  account  of  the  tremen- 
dous progress  made  during  fiscal  year  1962  on 
construction  of  the  National  System  of  Inter- 
state and  Defense  Highways  and  in  improve- 
ment of  primary  highways,  secondary  roads, 
and  urban  arterials  under  the  regular  Federal- 
aid  program.  Also  described  is  the  highway 
construction  work  undertaken  directly  by  the 
Bureau  of  Public  Roads  in  national  forests 
and  parks  and  on  other  Federal  lands,  as  well 
as  Public  Roads'  activities  in  providing  tech- 
nical assistance  to  foreign  countries  to  further 
their  program  of  highway  development. 


New  Publications 


Also  reported  on  at  length  are  the  activities 
and  accomplishments  of  Public  Roads  in 
highway  planning  and  design,  urban  trans- 
portation planning,  safety,  and  its  extensive 
and  varied  research  and  development  pro- 
gram. Included  as  an  appendix  in  the  report 
are  19  statistical  tables  covering  the  progress 
and  activities  of  the  Federal-aid  program  dur- 
ing the  fiscal  year  1962. 

Highway  Progress,  1962,  is  available  from 
the  Superintendent  of  Documents,  U.S. 
Government  Printing  Office,  Washington  25, 
D.C.,  at  35  cents  per  copy. 

Standard  Plans  for  Highway  Bridges 

The  Bureau  of  Public  Roads  has  recently 
issued  a  4-volume  set  of  Standard  Plans  for 
Highway  Bridges  (1962)  to  replace  the  1956 
edition  of  Standard  Plans  for  Highway  Bridge 
Superstructures.  The  new  plans  ;ire  available 
from  the  Superintendent  of  Documents,  U.S. 
Government  Printing  Office,  Washington  25, 
D.C.,  and  may  be  ordered  singly  for  $1.00  each 
or  as  a  complete  set  for  $4.00:  Vol.  I — Con- 


crete Superstructures;  Vol.  II — Structural  Steel 
Superstructures;  Vol.  Ill — Timber  Bridges, 
and  Vol.  IV — Typical  Continuous  Bridges. 

The  first  three  volumes  are  a  substantial! 
revision  of  the  1953  and  1956  editions  of  this 
publication  and  the  fourth  volume  presents 
additional  information.  Volumes  I  and  II 
contain  plans  for  superstructures  for  simple 
concrete  and  steel  bridges  respectively 
Volume  III  contains  plans  for  substructures 
and  superstructures  for  timber  bridges;  and 
Volume  IV  contains  complete  detailed  plan: 
for  typical  4-span  continuous  concrete  and 
steel  bridges. 

These  plans  will  serve  as  useful  guides  t< 
State,  county,  and  local  highway  department: 
in  the  development  of  suitable  and  economica 
bridge  designs  for  primary,  secondary,  anc 
urban  highways.  The  plans  provide  informa 
tion  sufficiently  complete  to  approach  con- 
tract drawings  as  nearly  as  practicable.  Foi 
any  given  bridge  location,  however,  require- 
ments  imposed  by  site  conditions  will  necessi 
tate  modification  of  the  plans. 
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Estimated  Travel  by  Motor  Vehicles  in  1961 


BY  THE  CURRENT  PLANNING  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  THEODORE  S.   DICKERSOr 
Highway  Research  Enginee 


MOTOR-VEHICLE  travel  in  the  United  States 
in  1961  totaled  737.5  billion  vehicle-miles, 
an  increase  of  2.6  percent  over  the  travel  in 
1960.  The  travel  data,  were  compiled  from 
information  supplied  by  the  State  highway 
departments  and  toll  authorities.  Total 
1  ravel  for  1962,  based  on  information  for  the 
first  JO  months  of  the  year  is  estimated  a  I 
767  billion  vehicle-miles,  a  4-percent  increase 
over  1961. 

The  proportions  of  travel  by  road  system 
and  by  vehicle  type  changed  little  from  1960 
to  1961.  Of  the  1961  travel,  40  percent  was 
on  main  rural  roads  comprising  14  percent  of 
the  Nation's  total  of  3.6  million  miles  of  roads 
and  streets.  Another  46  percent  of  the  travel 
was  on  urban  streets,  which  comprise  only  12 
percent  of  the  total  mileage.  Local  rural 
roads  accounted  for  only  14  percent  of  the 
travel  but  make  up  74  percent  of  the  total 
mileage. 

Passenger  cars  represented  84  percent  of  the 
vehicles  and  accounted  for  82  percent  of  the 
travel  in  1961;  trucks  and  truck  combinations 
accounted  for  16  percent  of  the  vehicles  and 
17  percent  of  the  travel;  buses  accounted  for 
less  than  1  percent  of  both  vehicles  and  travel. 

Average  vehicle  performance  in  1961  differed 
very  little  from  that  reported  for  1960.     The 
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average  motor  vehicle  traveled  9,648  miles  in 
1961,  almost  half  of  it  in  cities,  and  consumed 
776  gallons  of  fuel  at  a  rate  of  12.44  miles  per 
gallon.  The  average  passenger  car  traveled 
9,465  miles  and  consumed  658  gallons  of  fuel, 
at  a  rate  of  14.38  miles  per  gallon.  The  aver- 
age commercial  bus  traveled  a  little  more  and 
the  average  truck  a  little  less  in  1961  than  in 


1960,  but  their  average  rates  of  fuel  consump 
tion  did  not  change  appreciably. 

The  travel  and  related  information  for  196 
is  shown  in  table  1  by  road  system  and  vehicl 
type.     Such    data    have    been    reported 
Public    Roads    magazine   for    a    number 
years;  the  latest,  for  1960,  appeared  in  vo 
32,  No.  1,  April  1962,  p.  11. 


Table  1. 


-Estimated  motor-vehicle  travel  in  the  1  nited  States  and  related  data  for  calenda 

year  1961 ' 


Vehicle  type 


Passenger  cars  2 

Buses: 

Commercial 

School  and   nonreve- 

nue -.- 

All  buses 

All  passenger  vehicles.. 

Trucks    and    combina- 
tions  

All  motor  vehicles 


Motor-vehicle  travel 


Main 

rural 
road 
travel 


Milium 
vehicle- 
miles 
233,011 


627 
1,505 

234, 516 

62, 679 
297, 195 


Local 
rural 
road 
travel 


Million 
vehicle- 
miles 
79, 426 


156 

664 
820 

80, 246 

20, 461 
100,  707 


Total 
rural 
n  i  \  i  I 


Million 
vehicle- 
miles 
312,437 


1,034 

1,291 
2,325 

314, 762 

83, 140 
397, 902 


Urban 
travel 


Million 
vehicle- 
miles 
292. 120 


1,812 

259 
2,071 

294, 191 

45,442 
339,  633 


Total 
travel 


Million 
vehicle- 
miles 
604, 557 


2,846 

1,550 
4,396 

1,1  IS.  (I.-.3 

128,  582 
737, 535 


Number 
of  ve- 
hicles 
regis- 
tered 


Thou- 
sands 
63, 870 


75.2 

205.5 
280.7 

64, 151 

12, 291 

76,442 


Aver- 
age 

(ravel 
per 

vehicle 


Mih  s 
9,465 


37,  846 

7,543 
15,  661 

9,492 


10,  461 

9,648 


Motor-fuel 
consumption 


Total 


Million 
gallons 
42,033 


220 
830 

42.  863 

16, 443 

59, 306 


Aver- 
age 
per 

vehicle 


Gallons 
658 


8,112 

1,071 
2,957 

668 

1,338 

776 


Aver- 
age 
travel 

per 
gallon 
of  fuel 
con- 
sumed 


Mil,  - 

gal. 

14.38 


4.67 


7.05 
5.30 


7.82 
12.44 


i  For  the  50  States  and  District  of  Columbia. 

2  Includes  taxicabs;  also  motorcycles  (595,609  registered). 
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Comparison  of  Two  Methods  for 
Preloading  Electronic  Scales 


Introduction 

ELECTRONIC  scales  are  a  relatively  new 
addition  to  the  types  of  tools  used  by  the 
fighway  engineer.  Many  agencies  concerned 
1/ith  planning  and  maintenance  of  adequate 
lystems  of  highways  have  established  and 
|  valuated  different  methods  for  obtaining  load 
■lata.  The  electronic  scale  has  attracted  con- 
siderable attention  because  electronic  measur- 
ing techniques  permit  the  solution  of  many 
Iroblems  related  to  weighing  moving  vehicles, 
llany  systems  have  been  developed  in  which 
llectronic  techniques  are  used  to  measure  and 
lecord  both  static  and  dynamic  loads.  Some 
Idvantages  of  the  electronic  systems,  as 
apposed  to  mechanical  scales,  are  the  sensi- 
tivity that  permits  detection  of  extremely 
Imall  loads  and  observation  of  high-speed 
lihenomena,  which  occur  too  fast  for  visual 
Ibservation,  and  the  small  physical  spaces 
equired  for  electronic  load  detectors  (/).2 
I  Instrumentation  of  electronic  load-measur- 
lag  systems  serves  two  purposes;  (1)  detection 
If  an  electric  analog  of  the  load  being  measured 
l.nd  (2)  rapid  acquisition  of  a  tremendous 
lolume  of  data  and  its  reduction  to  summary 
lorm  for  use  in  quick  analysis.  Some  of  the 
iroblems  inherent  in  producing  an  accurate 
nalog  of  a  load  being  measured  with  an 
lectronic  instrumentation  system  are  dis- 
ussed  in  this  article.  Specifically,  data  are 
presented  relative  to  the  system  being  devel- 
oped and  tested  by  the  University  of  Kentucky 
ii  a  research  projecl  thai  is  sponsored  jointlj 
by  the  U.S.  Bureau  of  Public  Roads  and  the 
Kentucky  Department  of  Highways.  Pur- 
hose  of  this  research  project  is  to  develop  a 
lependable  system  for  weighing  vehicles, 
larticularly  trucks,  as  they  roll  along  the 
dghway  (2). 


s. 

.i 

1  These  authors  are  members  of  a  research  team  at  the 
J"  'Jniversity   of   Kentucky   conducting   an   investigation   of 

iroblems  related  to  weighing  a  moving  vehicle.  The  research 
iroject  is  sponsored  by  the  U.S.  Bureau  of  Public  Roads  and 
—  he  Kentucky  Department  of  Highways.  David  K.  Blythe, 
lead  of  the  Civil  Engineering  Department  is  project  director 
ad  John  A.  Dearinger,  Assistant  Professor  of  Civil  Engi- 
leering,  is  assistant  project  director. 

2  References  indicated  by  italic  numbers  in  parentheses 
■re  listed  on  page  185. 
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To  meet  the  need  for  collecting  and  analyzing  large  volumes  of  data  requisite 
to  highway  planning,  highway  engineers  are  using  new  tools  such  us  electronic 
weighing  systems  and  other  electronic  instrumentation  systems.  This  article 
reports  on  another  phase  of  a  research  project  on  electronic  weighing  systems. 
The  purpose  of  such  a  system  is  to  weigh  vehicles  in  the  traffic  stream  without 
stopping  them  or  interfering  with  their  travel.  In  doing  this  the  electronic 
device  must  be  able  to  detect  and  record  an  electric  analog  of  the  loail  applied 
to  the  system,  without  including  variable  factors  such,  as  the  vibration  and 
oscillation  of  the  weighing  platform.  To  achieve  stability  of  the  platform, 
different  methods  of  preloading  have  been  devised.  Although  these  methods  of 
preloading  the  platform  achieve  the  desired  stability,  they  also  reduce  the 
overall  sensitivity  of  the  measuring  system  to  imposed  loads.  This  article  pre- 
sents an  analysis  of  two  preloading  methods  and  shows  their  relative  effectiveness 
in  maintaining  system  sensitivity  while  achieving  mechanical  stability  of  the 
weighing  platform. 


Conclusions 

From  an  analysis  of  the  two  methods  of 
preloading  the  platform  of  an  electronic 
weighing  device  with  coil  springs  and  with 
steel  rods,  it  has  been  concluded  that  pre- 
loading with  coil  springs  affords  better  stabil- 
ity and  has  little  effect  on  the  sensitivity  of 
the  measuring  system. 

To  achieve  maximum  benefit  from  an 
electronic  weighing  system,  the  largest  possible 
output  must  be  obtained.  The  output 
analog  of  the  applied  load  always  will  be 
relatively  small  and  anything  that  reduces  or 
tends  to  reduce  it  should  be  avoided  or  made 
as  ineffective  as  possible  (8). 

This  research  demonstrated  that  heavy  coil 
springs,  which  may  be  stretched  a  considerable 
distance  in  relation  to  motion  of  the  weigh- 
ing platform,  afforded  stability  of  the  platform 
while  maintaining  the  overall  sensitivity  of 
the  measuring  system.  When  steel  rods  were 
used  for  preloading,  however,  the  sensitivity 
of  the  system  was  reduced  to  an  extent  thai 
negated  the  effectiveness  of  the  rods  in 
stabilizing  the  platform.  Therefore  preload- 
ing a  dynamic  platform  with  coil  springs  is 
more  advantageous  than  using  steel  rods  for 
this  purpose. 

Load  Measuring 

To  record  dynamic  load  data,  some  means 
must  be  provided  for  detecting  the  load.  A 
transducer  capable  of  accepting  the  load  data, 
as  a  mechanical  force  and  converting  it  to  an 


electric  analog  may  be  used  in  an  electronic 
weighing  system.  The  input  to  an  electronic 
scale  is  a  physical  force  proportional  to  the 
applied  load.  The  output  of  the  transducer 
should  be  an  electric  analog  of  the  load. 
Many  types  of  load  detectors  have  been  used 
but  the  strain  .nage  load  cell  has  been  em- 
ployed" in  the  research  reported  here.  A 
complete  description  of  the  strain  gage  load 
cell,  the  principle  of  its  operation,  and  the 
recording  instrumentation  are  detailed  in 
references  2  and  '/.  The  basic  construction  of 
a  typical  load  cell  is  shown  in  figure  1. 

Commercial  designs  have  been  developed 
for  electronic  weighing  systems  that  use  a. 
platform  supported  at  its  four  corners  by  load 
cells;  figure  2  shows  a  typical  installation. 
The  platform  is  set  level  with  the  road  surface 
to  measure  the  axle  loads  of  trucks  as  they 
roll  over  it.  The  output,  of  the  load  cells  is 
proportional  to  the  weight  applied  to  the 
platform  by  the  truck  wheels  (4).  Many 
problems  have  been  encountered  when  1  his 
type  of  system  has  been  used  to  measure  the 
axle  load  of  trucks  in  motion.  The  principal 
problem  has  been  related  to  leveling  the 
platform  on  its  four  supports  so  as  to  prevent 
its  tipping  and  thus  causing  unbalanced  loads 
on  the  four  load  cells.  Some  degree  of  success 
has  been  obtained  in  overcoming  this  problem 
(4).  By  preloading  the  platform  with  tension 
turnbuckles  and  steel  rods,  it  lias  been  leveled 
and  the  tendency  for  it  to  oscillate  upon 
application  of  load  has  been  greatly  reduced. 

To  eliminate  horizontal  movement  of  the 
weighing  platform  without   reducing  the  sen- 
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Figure  1. — Construction  of  typical  load  cell. 


sitivity  of  the  system  to  vertical  loads,  the 
Research  Organization  for  Roadbuilding  in 
West  Germany  has  developed  and  built  a 
broken-bridge  design  that  is  less  subject  to 
vibration  than  the  platform  supported  on  four 
corners.  The  broken-bridge  design  is  shown 
in  figure  3;  this  system  has  two,  narrow  steel 
boxes  that  rest  on  the  foundation  of  the 
platform's  supporting  structure.  Load  cells 
that  convert  the  load  into  an  electric  analog 
are  located  beneath  i  he  center  joint  connecting 
the  halves  of  the  bridge  (J,  6). 

Platform  Used  at  University  of 
Kentucky 

A  broken-bridge  platform,  based  on  the 
German  design,  was  developed  for  the  research 
project  at  the  University  of  Kentucky  and 
installed  on  the  University's  farm  for  use  in 
different  tests  of  the  electronic  weighing 
system.  An  exterior  view  of  the  platform  in 
place  at  the  test  site  is  shown  in  figure  4. 
Two  types  of  preloading  devices — steel  rods 
and  turnbuckles  or  heavy  coil  springs — were 
attached  to  the  platform  to  stabilize  the  sys- 
tem to  the  applications  of  dynamic  loads. 
Tests  were  made  to  determine  the  performance 
of  the  system  with  each  of  the  preloads.  An 
interior  view  of  the  scale  pit,  including  the 
installation  of  steel  rods  and  turnbuckles 
between  the  platform  and  the  bottom  of  the 
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scale  pit,  is  illustrated  in  figure  5.  The  us 
of  heavy  coil  springs  to  preload  the  weigh™ 
device  is  shown  in  figure  6. 

Both  preloading  methods  reduced  plat  fori? 
oscillation  under  loading.  However,  t  lie  ovci 
all  sensitivity  of  the  recording  instrumental 
was  reduced  more  when  the  steel  rods  wer 
used  for  preloading  than  when  the  coil  spring 
were  used.  The  output  of  the  load  cell 
supporting  the  platform  was  greatly  reducei 
when  preloading  was  accomplished  by  th 
steel  rods  but  the  output  remained  practicall; 
at  its  "no-preload"  value  for  any  load  whei 
the  springs  were  used  for  preloading  the  sys 
tern.  The  two  preloading  methods  and  ai 
analysis  of  the  differences  in  sensitivity  of  th 
system  are  discussed  in  detail  in  the  followini 
paragraphs. 

Preload  Effect  on  System  Sensitivm 

The  force  diagram  of  figure  7  represents  th 
broken-bridge  weighing  platform.  P0  repre 
sents  the  preload  applied  to  the  platform  b; 
each  of  the  two  preloading  members,  one  a 
each  end  of  the  platform.  For  this  analysis 
it  was  assumed  that  no  bending  of  the  platfoo 
occurs  between  the  load  cells  and  the  point 
of  application  of  the  preload.  It  was  als 
assumed  that  a  linear  relationship  of  the  pre, 
loading  members  exists  between  their  elonga 
tion  and  the  force  applied.  Based  on  thes> 
assumptions,  the  preload  was  represented  b} 
the  expression : 

Po=ky0  (1 

Where, 

P„  =  preload 

?/„  =  elongation  of  preloading  members 
k  =  constant  of  proportionality. 

Figure  8  is  a  force  diagram  of  the  plat  fori 
as  it  appears  when  an  axle  load  of  2W  wa 
applied  symmetrically  to  the  platform.  Sue 
an  application  causes  compression  of  the  loa 
cells  to  some  distance  Ay.  Application  of  th 
axle  load  to  the  platform  reduced  the  tensil 
force  in  each  of  the  preloading  members  b; 
kAy.  Summation  of  the  vertical  forces  on  th 
platform  showed  that  the  load  carried  by  eacl 
load  cell  may  be  expressed  as: 


P1  =  P,-k&y+W 


(2 


Where, 


Pi  =  load  on  load  cell 
P„  =  preload 

A-  =  const  ant  of  proportionality 
Ay=  distance  load  cells  compressed 
W=  applied  weight  (actual  load). 

When  the  preload  was  first  applied,  th 
instrumentation  was  adjusted  to  its  zer 
position.  When  an  axle  load  was  applied  t 
the  platform,  the  instrumentation  indicate' 
an  analog  of  the  difference  between  the  inltis) 
preload  value  and  the  load  carried  by  the  loai 
cell.  This  difference  is  the  value  of  P\  —  P 
which  may  be  expressed  in  terms  of  th 
distance  of  compression  of  the  load  eel 
equation  (2),  as: 


Pi-P0=W-kA% 


(3 
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Figure  3. — Installation  of  broken  -bridge  platform. 


Equation  (3)  shows  that  the  analog  of  the 
2ight  indicated  on  the  instrumentation  will 
in  error  by  kAy.  Therefore,  this  factor 
ould  be  kept  as  small  as  possible  so  that  the 
lalog  of  the  applied  load  will  be  more  nearly 
presentative  of  the  actual  load,  W.  The 
agnitude  of  Ay  is  predetermined  by  the  size 
the  load  applied  to  the  platform  and  the 
isic  sensitivity  of  the  load  cell.  For  the 
pe  of  load  cell  used  on  this  project,  Ay  was 
proximately  0.010  inch  for  a  50,000-pound 
1.  This  shows  that  changes  in  the  value 
k  are  required  to  increase  the  overall 
nsitivity  of  the  system. 

Because  the  initial  preload  equals  ky0,  the 
due  of  k  must  not  be  made  so  small  that 
e  product  ky0  is  too  small  to  permit  com- 
etion  of  the  original  purpose  of  preloading 
Le  platform — stabilization  of  the  platform 
d  reduction  of  vertical  oscillation.  This 
quirement  suggests  use  of  a  device  that  will 
low  a  large  value  for  y0  and  a  small  value 
>r  k,  thereby  keeping  the  product  kAy  small. 

Comparison  of  Methods 

Preloading  during  these  tests  was  achieved 

two  ways:   (1)  heavy  springs  were  mounted 

etween  the  platform  and  the  bottom  of  the 
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scale  pit,  and  (2)  steel  rods  were  tied  to  the 
platform  and  anchored  to  the  bottom  of  the 
scale  pit.  Both  devices  were  adjustable  to 
permit  changing  the  value  of  preload. 
Because  of  the  physical  construction  of  the 
pit  and  the  platform,  both  the  steel  rods  and 
the  coil  springs  were  limited  in  length. 

An  extension  of  equation  (2)  shows  the 
effect  of  the  factor  kAy  in  the  two  methods  of 
preload.  Using  equation  (1),  the  effect  of 
the  factor  may  be  written  as: 


P^kyo-kAy+W 
Pl=k(y„-Ay)  +  W 


(4) 
(4) 


When  the  coil  springs  were  used  for  pre- 
loading, the  initial  elongation  of  the  preload 
member  could  be  made  large  in  comparison 
with  any  compression  distance  during  the 
application  of  a  load,  and  can  be  expressed 
as: 

Uo»y  (5) 

A  "worst  case"  check  may  be  made  for 
equation  (5).  Assume  that  the  springs  are 
preloaded  at  an  elongation  of  6  inches  and 
that  a  25,000-pound  axle  load  is  applied  to 
the  platform.     If  the  load  were  placed  sym- 


metrically on  a  platform  supported  by  tv 
load  cells,  each  capable  of  being  compressed 
0.010  inch  at   50,000-pound   load,   the   com- 
pression distance  of  a  cell  would  be: 

12,500 
AV  =  77r  — X0.010inch  =  0.0025ineh. 
50,000 

Because  y„  equals  6  inches,  equation  (5)  is  valid. 
When  preloading  is  accomplished  by  using 
coil  springs,  equation  (5)  may  be  approximated 
as: 

y„-Ay~y0  (6) 

Based  on  this  approximation,  equation  (4) 
may  be  staled  as  one  or  the  other  of  the  three 
following  expressions. 

Pi  =  kye+W, 
P,  =  P0+W, 
Pt-P0=W. 

Thus,  when  coil  springs  are  used  for  pre- 
loading, the  applied  load  can  be  recorded  as 
an  electronic  analog  that  has  no  serious  error 
caused  by  the  preload.  However,  when  steel 
rods  are  used  for  preloading  the  platform,  the 
approximation  developed  in  equation  (6)  is 
not  valid  because  the  characteristics  of  steel 
rods  prevent  their  stretching  any  significant 
distance.  Consideration  of  equation  (4)  shows 
that  when  steel  rods  are  used  for  preloading 
significant  error  will  be  reflected  in  the  analog 
for  any  load  applied  to  the  platform. 

Estimating  Reduction  of  Sensitivity 

Further  manipulation  of  equation  (3) 
simplifies  the  comparison  of  the  two  methods 
of  preload  tested.  The  load  carried  by  the 
load  cell  may  be  written  as: 

P1-P0=CAy  (7) 

Where, 

C=  basic  sensitivity  of  the  load  cell. 

Substitution  of  equation  (7)  in  equation  (3) 
yields,  either 


Pi-P0=W-k 


{Px-Po) 


Pl  +  Po 

c 


1+ 


(8) 


Equation   (8)   is  illustrated  in  figure  9.     The 
slope  of  the  line  defining  actual  sensitivity  is 


1 


1  + 


C 


compared  with  the  maximum  possible  slope 
of  unity  when  no  preload  is  being  used  or  when 
fc=0. 

Equation  (8)  indicates  that  the  overall 
sensitivity  of  the  measuring  system  is  reduced 
by  any  preload,  and  the  sensitivity  depends 
only  upon  the  method  of  application  of  the 
preload;  that  is,  the  value  of  k.  The  difference 
between  the  load  applied  and  its  analog,  when 
no  preload  was  used,  is  given  by  the  separation 
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Figure  8. — Force  diagram  of  platform  with 
preload — load  applied. 
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of  the  straight  lino  in  figure  9.  Because  the 
lines  are  straight,  any  error  of  an  analog  of 
load  will  be  a  fixed  percentage  of  the  load  it 
represents,  regardless  of  the  magnitude  of  the 
load.  Also,  the  error  will  be  dependent  upon 
the  magnitude  of  the  preload  being  used. 
This  reduction  of  the  system's  sensitivity  will 
be  a  constant,  provided  the  value  of  k  remains 
constant. 

The  graph  of  figure  9  has  been  plotted  for 
only  one  value  each  for  k  and  C.  Other  values 
would,  of  course,  yield  different  curves.  The 
separation  of  the  two  lines  would  increase  for 
larger  values  of  A:.  This  again  emphasizes  the 
necessity  for  keeping  the  value  of  k  as  small'as 
possible;  the  separation  represents  the  re- 
duction of  the  overall  sensitivity  of  thi 
instrumentation  system. 

Experimental  Comparison  of  Prelotn 
Methods 

In  order  to  check  the  validity  of  the  fore 
going  analysis  of  preload  methods,  a  3-axl 
truck  was  used  for  controlled  tests.  The1 
amount  of  preload  was  based  on  the  statid 
weight  of  the  front  axle  of  this  truck.  The 
preload — either  coil  springs  or  steel  rods — was 
applied  to  the  platform  in  increments  of  51 
percent  of  the  static  weight.  Weights  wer 
recorded  at  different  speeds  of  the  truck  am 
for  various  amounts  of  preload  that  ranged  u] 


Figure  5. — Steel  rods  and  turnbuckles  used 
for  preloading  the  platform. 
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Figure    6.— Preloading    accomplished    with  APPLIED        LOAD 

springs.  Figure  9. — Theoretical  analog  output  as  a  function   of  applied  load — preload  constant. 
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to  200  percent  of  the  front-axle  weight. 
Typical  results  for  each  of  the  3  axles  obtained 
from  these  tests  are  shown  by  figure  10. 

Lines  representing  the  theoretical  sensitivity 
curves  of  the  system  have  been  included  in 
figure  10  for  comparison  with  the  results  of 
the  experimental  tests.  Although  the  ex- 
perimental curves  do  not  coincide  with  the 
theoretical  predictions,  they  have  the  same 
general  trend  in  slope.  Part  of  the  difference 
in  the  curves  has  been  attributed  to  some 
bending  of  the  platform  between  the  load-cell 
supports  and  the  point  at  which  the  preload 
was  applied  to  the  platform.  Other  factors, 
such  as  changes  in  the  value  of  k  of  the  pre- 
load devices  and  inaccurate  measurement  of 
the  preload  being  used,  also  may  have  ac- 
counted for  some  of  the  difference  between  the 
curves.  The  curves  for  preloading  with  springs 
and  those  for  preloading  with  steel  rods  have 
different  slopes;  this  difference  shows  the  effect 
of  i  lie  different  values  of  /:. 


50  100  150 

PRELOAD,  PERCENT   FRONT  AXLE  WEIGHT 

. — Experimental  results   that  show  reduction  of  sensitivity  caused  by  preload. 
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Potential  Applications  of  Spectroscopy 
in  the  Highway  Testing  Laboratory 
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Highway  testing  laboratories  are  con- 
fronted with  an  increasing  volume  and 
variety  of  construction  materials  to  be 
tested  for  compliance  with  chemical  or 
mineralogical  requirements.  In  addi- 
tion, many  new  and  complex  materials 
used  in  construction,  such  as  plastics, 
synthetic  polymers,  surface  active 
agents,  coalings,  etc.  are  too  complex  to 
be  effectively  analyzed  by  ordinary  chem- 
ical means.  The  potential  advan  tages  of 
using  spectroscopy  methods  to  provide 
more  rapid  and  accurate  analyses  of 
materials  than  is  otherwise  possible  by 
standard  chemical  procedures  are  dis- 
cussed in  this  article.  The  suitability  of 
spectroscopic  techniques  to  determine 
the  nature  of  complex  materials,  which 
cannot  be  practicably  analyzed  by  chem- 
ical methods,  is  also  discussed.  The 
article  includes  general  estimates  of  cost 
and  time  factors  involved  for  several  of 
the  more  useful  techniques. 


Introduction 

THE  EVER-INCREASING  numbers  and 
types  of  materials  submitted  to  the  high- 
way laboratory  for  tests  have  created  serious 
problems  for  the  testing  engineer  and  not  the 
leas!  of  these  is  the  need  for  rapid  methods  of 
chemical  analysis.  Everyone  is  desperately 
longing  for  the  ultimate  gadget  that  will  permit 
them  to  insert  a  sample  in  one  end,  push  a 
button,  wait  30  seconds,  and  have  a  complete 
report  come  out  the  other  end. 

This  ultimate  is,  of  course,  a  pipe-dream 
that  most  likely  will  never  be  completely 
realized.  However,  in  some  areas  of  analyses, 
this  dream  is  closer  to  reality  than  might  be 
suspected.  The  rapid  development  of  arc 
spectroscopy  in  the  last  10  to  15  years  has  pro- 
vided the  means  of  determining,  within  min- 
utes, the  absence  or  presence  of  as  many  as 
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1  This  article  is  based  mi  a  talk  presented  bj  Mr.  Halstead 
al  Hie  37th  annual  open  meeting  oi  the  New  Jersey,  New 
York,  and  New  England  State:  Tc  ting  Engineers  Associa- 
tion, Boston,  Mass.,  Nov.  lliiil. 

186 


WAVELENGTH   UNITS 
A. = ANGSTROM   UNIT  =IO"ecm. 
mu  =  MILLIMICRON  =  I0"7  cm. 
u  =  MICRON  =  I0"4cm. 


?: 


0. 

A. 

6mu 
60A-, 

350  mu 

0.8u 
800  mu 

/ 

800  u 

10cm. 
I05u 

GAMMA      X-RAYS        ULTRA-  INFRA- 

RAYS  VIOLET    |  RED 

VISIBLE 


MICROWAVES 
AND  RADIO 


INCREASING  WAVELENGTH 
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70  elements  in  a  metal.  The  alkali  content  of 
cements  and  other  materials  can  be  deter- 
mined in  minutes  by  flame  spectroscopy  as 
opposed  to  the  3  or  4  days  required  for  an 
analysis  by  older  classical  methods.  Not 
quite  ready,  but  definitely  on  the  horizon 
within  the  next  few  years,  are  X-ray  fluores- 
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cence  techniques  that  will  permit  a  comple 
chemical  analysis  of  cement  and  similar  mat! 
rials  in  about  30  minutes,  sometimes  less, 
general  evaluation  of  new  spectroscopic  tocj 
to  determine  if  and  where  they  can  be  put 
work    in    the    highway   testing    laboratory 
presented  in  this  article. 


Summary 

It  is  difficult  to  make  a  definite  statemei 
as  to  what  type  of  instruments  would  1 
economical  for  all  highway  testing  laboratorie 
The  type  and  number  of  samples  to  be  teste* 
whether  special  investigations  are  to  be  coj 
ducted  as  well  as  control  tests;  the  tin 
factors  involved,  all  enter  into  the  decision  i 
to  whether  spectroscopic  instruments  shou 
be  purchased.  In  most  laboratories,  a  flan 
photometer  arid  a  manually  operated  ultl 
violet-visible  light  absorption  spectroph 
tometer,  at  a  total  cost  of  about  $3,000,  ca 
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Figure  2. — Schematic  diagram  of  an  absorption  spectrophotometer. 
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asily  be  justified  for:  (1)  routine  testing  of 
einents,  rocksalt,  and  other  materials  for 
lkalii s,  (2)  for  work  on  concrete  admixtures, 
3)  for  identification  of  phosphorus  in  fer- 
ilizer,  titantium  in  paint  pigments,  and 
Jloying  constituents  in  metals  for  which 
pectrophotometer  methods  are  available. 
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Figure  5. — Type  of  spectra  obtained  with  an 
arc  emission  spectograph. 


An  infrared  spectrophotometer  can  be  justi- 
fied if  the  laboratory  is  regularly  concerned 
with  controlling  the  uniformity  of  proprietory 
concrete  admixtures,  rubber  or  synthetic 
water-stops,  traffic  paint  vehicles,  epoxy  resins, 
silicones,  herbicides,  and  similar  complex 
organic  materials.  An  instrument  costing 
about  $5,000  is  suitable  for  accomplishing 
these  purposes. 

Arc  and  spark  spectrographs  can  be  justified 
only  if  very  large  volumes  of  metals  must  be 
analyzed.  Considerable  specialized  accessory 
equipment  is  needed  for  this  type  of  installa- 
tion. The  laboratory  must  be  air  conditioned, 
the  humidity  must  be  controlled,  and  a  photo- 
graphic dark  room  and  metal  working  tools, 
such   as  lathes,   belt  polishers,   etc.,   must   be 
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Figure  6. — Ultraviolet  absorption  curie  of 
phthalic  acid.  (Prepared from  Bureau  of 
Standards  Sample  8te). 


provided.      A    minimum    cost    for    adequate 
facilities  would  probably  be  about  $40,000. 

X-ray  diffraction  is  very  useful  for  identi- 
fying soils  and  solving  problems  related  to  the 
base  or  foundation  of  the  highway,  but  it  lias 
limited  application  to  specification  control 
work.      Nuclear  magnetic  resonance,  at  pres- 
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ml.  is  essentially  a  research  tool  and  its 
potential  applications  have  not  been  con- 
sidered in  this  discussion. 

For  the  future,  perhaps  in  5  or  10  years, 
X-ray  fluorescence  may  be  developed  to  pro- 
vide rapid  and  accurate  analyses  of  major  as 
well  as  minor  constituents  of  many  materials 
SUCh  as  cements,  alloys,  and  steels  At  the 
present  time,  however,  X-ray  fluorescence 
also  should  be  considered  a  research  tool. 
The  present  cost  of  this  equipment  is  from 
$25,000  to  ski. nod. 

Spectroscopy  is  a  rapidly  developing  science 
and  entirely  new  techniques  are  constantly 
being  developed.  For  example,  a  relatively 
new  instrument  called  "atomic  absorption 
spectroscopy"  has  recently  been  introduced 
and  it  may  make  flame  photometers  obsolete. 
However,  its  potentialities  for  highway  ma- 
terials have  not  yet  been  evaluated 

Table  1  provides  a  guide  to  those  interested 
in  the  present  applicability  of  spectroscopic 
tools  to  the  control  of  standard  highway  ma- 
terials. The  table  shows  only  those  instru- 
ments that  have  immediate  applicability  to 
the  materials  listed.  The  data  presented 
should  be  considered  as  approximations  only, 
and  types  of  materials  or  analyses  given  are 
not  necessarily  complete. 

Principles  of  Spectroscopy 

The  principle  upon  which  all  spectroscopic 
methods  are  based  is  the  utilization  and 
measurement  of  radiant  energy  in  the  electro- 
magnetic spectrum.  Figure  1  is  a  schematic 
diagram  of  this  spectrum.  All  of  the  types  of 
radiation  illustrated  gamma,  X-rays,  ultra- 
violet, and  visible  light;  infrared  energy;  and 
radio  waves — are  qualitatively  identical  in 
thai  the}  are  light  energy  waves  moving  in 
accordance  with  the  same  basic  law,  which  is, 

Wavelength      Frequency  =  Speed  of  Light. 

This  means  that  frequency  varies  inversely 
with  wavelength;  that  is,  the  shorter  wave- 
lengths of  energy,  such  as  X-rays  and  gamma 
rays,  have  greater  frequencies.  Frequency 
is  also  equated  to  photon  energy  the  greater 
the  frequency,  the  greater  the  photon  energy. 
Electromagnetic  energy  is  utilized  in  two  svaj  s 
for  practical  analytical  purposes:  (1)  it  is 
rbed  by  the  test,  sample,  hence  the  term 
absorption  spectroscopy,  and  (2)  it  is  emitted 
by  the  test  sample,  hence  the  term  emission 
spectroscopy. 
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Absorption  spectroscopy 

In  absorption  spectroscopy,  visible  light  or 
some  other  form  of  radiant  energy  is  allowed 
to  pass  through  a  sample,  and  the  amount  of 
light  or  energy  absorbed  at  different  wave- 
lengths is  recorded.  A  schematic  diagram  of 
the  basic  principles  involved  is  shown  in 
figure  2.  As  illustrated,  the  beam  of  light 
from  the  source  is  dispersed  or  spread  out  into 
its  different  wavelengths  by  either  a  prism  or 
grating.  Such  radiation,  either  before  or 
after  dispersion,  is  permitted  to  pass  through 
a  sample  and  the  amounts  of  energy  absorbed 
by  the  sample  at  the  different  wavelengths 
are  measured.  The  total  energy  absorbed  for 
all  wavelengths  is  recorded  as  a  continuous 
spectrum,  but  that  absorbed  at  an  individual 
wavelength  can  be  indicated  as  a  meter  read- 
ing, also  shown  in  figure  2. 

Instruments  such  as  ultraviolet,  visible 
light,  and  infrared  spectrophotometers  belong 
to  the  general  class  used  for  absorption  spec- 
troscopy. In  a  less  rigorous  sense,  nuclear 
magnetic  resonance,  X-ray  diffraction,  and 
X-ray  fluorescence  equipment  are  also  ab- 
sorption spectrometers. 

Emission  spectroscopy 

In  emission  spectroscopy,  analysis  of  the 
material  is  based  on  the  fact  that  many  chem- 
ical elements,  when  sufficiently  heated  in  a 
flame  or  electric  arc,  emit  radiation  or  give  off 
light  having  specific  characteristics.  When 
the  emitted  radiation  from  a  particular  sample 
is  resolved  or  spread  out  by  the  dispersing 
medium  of  the  instrument — either  a  prism  or 
grating — an  array  of  sharp,  distinct,  and 
separate  lines  is  obtained.  The  positions  of 
the  different  lines — their  wavelengths — -are 
related  to  the  kinds  of  atoms  present,  and  the 
intensities  of  the  lines  are  proportional  to  their 
concentration.  The  flame  photometer,  typical 
of  instruments  used  in  the  field  of  emission 
spectroscopy,  is  shown  schematically  in  figure 
3.  The  following  list  summarizes  the  more 
important  techniques  used  for  absorption  and 
emission  spectroscopy. 

Absorption  spectroscopy. — X-ray  diffraction, 
X-ray  fluorescence,  ultraviolet,  visible  light, 
infrared,  and  nuclear  magnetic  resonance. 

Emission  spectroscopy. — Flame,  and  arc 
and  spark. 

Some  of  these  techniques  have  little  or  no 
potential  use  in  a  highway  testing  laboratory 
but  others  are  already  being  used,  and  still 
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Figure  10. — An  infrared  spectrophotometer. 


other  techniques  have  considerable  potential 
applications  if  the  instrumentation  can  be 
further  perfected.  The  general  principles  of 
several  types  of  instruments  that  appear  to 
have  significant  potential  application  to  the 
analysis  of  highway  materials  are  discussed  in 
detail  in  the  following  portion  of  this  article. 

Flame  Photometry 

The  flame  photometer  is  perhaps  the  most 
familiar  spectroscopic  instrument  to  the  high- 
way engineer.  It  has  been  employed  with 
excellent  success  during  the  past  15  years  for 
the  determination  of  alkalies,  particularly 
sodium  and  potassium  oxides,  in  cements  and 
other  substances.  The  principle  involved  in 
flame  photometry  requires  that  an  element  to 
be  determined  must  be  suitably  excited  by  a 
flame  so  that  it  will  emit  characteristic  radia- 
tions. The  sample  is  dissolved  in  a  suitable 
solvent  if  it  is  not  already  liquid,  it  is  then 
atomized  into  a  suitable  gas  flame  for  excita- 
tion, and  a  measurement  is  made  of  the  result- 
ant intensity  of  emitted  radiation.  The  types 
of  spectra  that  can  be  obtained  with  a  special 
recording  flame  spectrophotometer  are  illus- 
trated in  figure  4.  As  shown,  the  response  for 
specific  elements  is  usually  very  sharp.  How- 
ever, commercial  instruments  are  generally 
designed  for  quantitative  work  by  meter 
readings,  thus  a  wavelength  is  selected  for 
each  element  at  which  the  response  for  the 
desired  element  is  strongest  or  at  which  inter- 
ference from  other  substances  would  be^at  a 
minimum.  The  final  result  is  a  meter  reading- 
indicative  of  the  intensity  of  emitted  radiation, 
and  it  therefore  is  a  measure  of  the  concentra- 
tion of  the  element  sought. 
Applications  and  instrumentation 

Flame  photometry  is  applicable  only  to  in- 
organic constituents,  either  in  solid  or  liquid 


samples.  It  is  particularly  applicable  to  the 
alkali  metals — sodium,  lithium,  and  potas- 
sium. Each  of  these  elements  emits  charac- 
teristic radiation  at  a  relatively  low  tempera- 
ture such  as  that  produced  by  an  ordinary  air- 
propane  flame.  For  sufficient  excitation  of 
other  elements,  higher  flame  temperatures  are 
required.  In  addition  to  being  useful  for 
alkali  determinations  in  cement,  flame  pho- 
tometers can  be  used  to  determine  easily  the 
amount  of  sodium  in  rocksalt  ice-removal 
agents,  and  the  potash  content  in  fertilizers 
-used  for  roadside  seeding.  The  instrument 
has  been  used  in  exploratory  work  in  connec- 
tion with  stripping  tests  of  asphaltic  materials; 
lithium  salt  was  utilized  as  a  tracer  to  quan- 
titatively determine  the  degree  of  stripping. 

(Continued  on  page  192) 


Motor  Vehicle  Size 
and  Weight  Limits 


A  comparison  of  State  legal  limits  of  motor 
vehicle  sizes  and  weights  with  standards  rec- 
ommended by  the  American  Association  of 
State  Highway  Officials  is  given  in  the  table  on 
pages  190-191.  The  statutory  limits  reported 
in  this  tabulation,  prepared  by  the  Bureau  of 
Public  Roads  as  of  December  31,  1962,  have 
been  reviewed  for  accuracy  by  the  appropriate 
State  officials. 

Statutory  limits  are  shown  for  width,  height, 
and  length  of  vehicles;  number  of  towed  units; 
maximum  axle  loads  for  single  and  tandem 
axles;  and  maximum  gross  weights  for  single- 
unit  truck,  truck-tractor  semitrailer  combina- 
tions, and  other  combinations. 
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Districtof  Columbia 

n96 
102 
96 
96 

'=13-6 
12-6 
13-6 
12-6 

35 
50 
40 
40 

40 
50 
42 
40 

60 
50 
55 
50 

'"60 
NP 
60 
50 

2 
NP 

2 
NP 
NP 

NP 

18,000 

22,400 

20,000 

4  "22,000 

22,  848 

36,000 
36, 000 
36,000 
38, 000 

36,720 

Formula- 
Spec,  lim. 
Table  -sp 
Table 

« 

10 
11 

12 
13 

Florida 
Georgia 
Hawaii 
Idaho 

96 

96 

108 

"96 

13-6 
13-6 
13-0 
14-0 

u35 

15+39 

40 

35 

40 

15*45 

40 

"40 

55 
50 
55 
60 

55 
50 
65 
65 

NP 

NP 

2 

2 

20,000 

18,  000 

24,  000 

20 18,  000 

22,000 
20,340 

40,000 

36,000 

32,000 

=  "32,000 

44,  000 
40,680 

Table 
Spec,  ma) 
Formula' 
Table20 

X 

1 

14 
15 
16 

17 

Illinois 
Indiona 
Iowa 

Kansas 

96 

"96 

96 

96 

13-6 
13-6 
13-6 

13-6 

42 
36 

35 
35 

42 
40 

"40 

"40 

=    55 
50 
50 
50 

60 

2550 

50 

50 

241 

2 

2 

3 

NP 

2 '  18, 000 

21 18,000 

18,000 

16,000 

21 19, 000 
18,  540 

32,000 
"32,000 

32,  000 
32,000 

2  '33, 000 
32,  960 

Spec.  lim. 
Spec.  lim. 
Table 
Table 

18 

19 
20 

21 

Kentucky 
Louisiana 

Maine 
Marylond 

96 

96 

96 

"96 

1213-6 

13-6 

30 12- 6 

6  12-6 

20  35 
35 
55 
55 

2  635 

"40 
55 

55 

2750 
55 
55 
55 

2T50 
60 
55 

40  55 

NR 

NP 
NR 

NP 
NP 
NP 

NR 

18,000 

18,000 

'"22,000 

22, 400 

2818,900 

32,000 

32,000 

30  32,  000 

"40,000 

2833,600 

Spec.  lim. 
Axle  lim.-. 
Table-tire 
Formula 

22 
23 
24 
25 

Massachusetts 
Michigan 
Minnesota 
Mississippi 

96 
95 
96 
96 

NR 
13-6 
13-6 
13-6 

35 
35 
40 
35 

"40 
40 
40 
40 

50 
55 
50 
55 

NP 
55 
50 
55 

NP 

NP 

2 

NP 

NP 

22,400 

33 18, 000 

18, 000 

18,000 

36,000 

3432,000 

32,000 

28,  650 

3532,000 

Table- spe 
Axle  lim. 
Table 
Table-tir. 

26 

27 

29 

Missouri 
Montana 
Nebraska 
Nevada 

96 

"96 

96 

96 

12-6 

13-6 

13-6 

NR 

35 
35 
40 
NR 

40 
40 
40 
NR 

50 
60 
60 
NR 

50 
60 
60 
NR 

NR 

NR 

2 

,i:  2 

NR 

18,  000 
18,000 
18,000 
18,000 

18,900 
18,900 

32,  000 
32,  000 
32, 000 
32,  000 

33,  600 
33,  600 

Table 
Table 
Table 
Table 

■ 

30 
31 
32 

33 

Hew  [(amp shire 
New  Jersey 
New  Mexico 
New  York 

96 
41 96 
«'96 

96 

!3-6 
4413-6 

13-6 
613-0 

35 
35 
40 
35 

"40 

3935 

40 

4235 

50 
50 
65 
50 

50 

40  50 
65 
50 

NR 

NR 

NR 

NP 

2 

NP 

22,400 
22,  400 
21,600 
22,  400 

23,520 

36,000 
32,  000 
34,  320 
36,000 

33,  600 

Tobies- S|j 
Spec,  lim 
Table 
Formula 

34 
35 
36 
37 

North  Corolino 
Norih  Dakota 
Ohio 
Oklohomo 

96 

4496 

96 

96 

612-6  '            35 

4413-6           1435 

13-6  1            35 

13-6               35 

"40 

"40 

"40 

45 

4350 
60 
50 

43  60 

4 '55 
60 
60 

4360 

NR 

NP 

2 

NR 

NP 

18,000 
18,000 
19,000 
18,000 

19,000 

36,000 
32,000 
31,500 
32, 000 

38,000 

Spec,  lim 
Formula 
Formula 
Table 

: 

33 
39 
40 
41 

Or--?cn 

Puerto  Rico 
Rhode  Island 

96 
96 
96 
102 

1213-6 
'612-6 
12-6 
12-6 

35 
35 
35 
40 

3  540 

40 
40 

40 

-'■•'355 

50 
50 

35  65 

4O50 

50 

50 

352 

NP 
NP 

NP 

47 18, 000 

22,  400 

NS 

22,  400 

23,072 

17  32,000 

36,000 

NS 

NS 

37,  080 

Table'8 
Spec,  lim 
Spec,  lim 
Spec,  lim 

42 

43 
44 
45 

South  Carolina 
South  Dakota 
Tennessee 
Texas 

96 
96 
96 
96 

13-6 
13-6 

<■  12-  6 
13-6 

35 

35 
35 

"40 
40 
40 
40 

55 
60 
50 
50 

5 '60 
60 
50 
50 

531 

NP 

2 

NP 

NP 

20, 000 
18,000 
18,000 
18, 000 

18,900 

32,000 
32, 000 
32, 000 
32,  000 

33,  600 

Table 
Table 
Toble 
Table 

46 
47 
48 
49 

Utah 

Vermont 

Virginia 

Wcshingion 

96 
96 
96 
96 

14-0 
12-6 
13-6 
13-6 

45 
50 
35 
35 

45 

50 

40 

"40 

60 
50 
50 
60 

60 
50 
50 

58  65 

NR 

NR 

NR 
NP 
NP 

582 

18, 000 

NS 

18,000 

18,000 

"'33,000 

NS 

37 32,0  00 

32, 000 

Table'3 
Spec,  lim 
Table 
Table 

50 

51 
52 

Wast  Viroinio 

Wisconsin 

Wyoming 

96 
96 
96 

612-6 
13-6 
13-6 

35 
35 

40 

"40 
40 
40 

50 
50 
65 

50 

"50 

65 

NP 

NP 
2 

18,000 
18,000 
18,  000 

18,  900 
""19,  500 

32, 000 
30,400 

32,000 

33,  600 

32,000 

"=36,000 

Table 

Table"1 

Table 

AASHO  Policy 

96 

12-6 

35 

"40 

50 

60 

1 

NP 

18,000 

32,  000 

Table 

(Higher 
Number  ot  Stales  <  Some 
(Lowe, 

3 
49 
0 

45 
7 
0 

18 
34 
0 

33 

14 
5 

26 
26 
0 

9 
13 
30 

47 
0 

6 
42 
4 

24 
28 
0 

31 

21 
0 

30 

21 

1 

rTormulo 
Table 
|_Specifie. 

NP-Not  permitted.            N  R-Not  restricted.              N  S-Not  specified. 

1  Various  exceptions  for  farm  and  construction  equipment;  public  utility  vehicles;  house  trailers;  urban,   suburban,   and  school 
buses;  haulage  of  agricultural  and  forest  products;  at  wheel  s  of   vehicles   for   safety  accessories,  on   designated  highways,   and  as 
administratively  authorized. 

2  Vorious  exceptions  for  utility  vehicles  and  loads,  house  trailers  and  mobile  homes. 

■'When  not  specified,  limited  to  number  possible  in  practical  combinations  within  permitted   length  limits;   various  exceptions 
for  farm  tractors,  mobile  homes,  etc. 

4Legally  specified  or  established  by  administrative  regulation. 

3  Computed  under  the  following  conditions  to  permit  comparison  on  a  uniform  basi  s  between  States  with  different  type's  of 
regulation: 

A.  Front  axle  load  of  8,000  pounds. 

B.  Maximum  practical  wheelbase  within  applicable  length  limits: 

( 1)  Minimum  front  overhang  of  3  feet. 

(2)  In  the  case  of  a  4-oxle  truck-tractor  semitrailer,  reor  overhang  computed  as  necessary  to  distribute  the  maximum 
possible  uniform  load  an  the  maximum  permitted  length  of  semitrailer  to  the  single  drive-axle  of  the  tractor  and  to  the  tandem 
axles  of  the  semitroiler,  within  the  permitted  load  limits  of  each. 

(  3)   In  the  cose  of  a  combination  having  5  or  more  axles,  minimum  possible  combined  front  and  rear  overhang  as- 
sumed to  be  5  feet,  with  maximum  practical   load  on  maximum   permitted  length  of  semitrailer,   subject  to  control  of  loading  on  axle 
groups  and  on  total  wheelbase  as  applicable. 

C.  Including  statutory  enforcement  tolerances  as  applicable. 

'•  Auto  transports  13  feet  6  inches;  Maryland  also  allows  13  feet  6  inches  for  vehicles  loaded  with  hay  or  straw,  or  carrying 
flat  glass. 

7  Does  not  apply  to  combinations  of  adjacent  load-carrying  single  axles. 

"  56,000  pounds  on  load-carrying  axles,  exclusive  of  steer. ng-axle  load. 

'  On  specific  routes  in  urban  or  suburban  service  under  special   permit  from  P.U.C.  40  feet,  also  3-oxle  buses  with  turning 
radius  less  than  45  feet  without  restriction. 

10  Except  3-unit  combinations  moy  use  u  p  to  65  ft.  combinations  on  certain  highways  designated  by  the  Department  of 
Highways 

Buses  102  inches  on  highways  of  surfaced  width  ot  least  20  feet  or  otherwise  as  administratively  authorized. 
On  closs   AA,   or  designated  highways,   12  ft.  6  in.  on  other  highways;  log  and  lumber  trucks  limited  to  12  ft.  6  in.  on  all 
highways  in  Oregon. 

1  '   Legal  limit  60,000  pounds,   axle  spacing  27  feet  or  more. 

11  Three-«xle  vehicles  40  feet. 

15  Truck  39.55  feet;  bus  45.20  feet. 

''63,280  pounds  maximum,  except  on  roods  un 

"700  (Li  40)  when  Lis  18'   or  less;  800  (L  •  . 
tures  with  span  of  20'  or  over. 

"Vehicles  loaded  with  tobacco  hogsheads- 10 

"Less  than  three  axles  35  feet. 

"Special    limits  for  vehicles  hauling  timber  an 
products  including  livestock;  single  axle  18,900  poui 
axles  permitted  66,000  pounds  maximum  at  21-foot  a. 
ot  43-foot  axle  spacing. 

210n  designated  highways;   16,000  pounds  on  j 

22  Without  tandem  axles  45,000  pounds. 

230n  designated  highways;   single  axle  22,400 
all  excesses  of  weight  under  one  or  more  limitations 
front  or  steering  axle. 

24  Towing  agent  must  be  registered  for  total  gr 
registered  as  "Form  trailer." 

J  '  60  ft.  in  speciol  cases:    Illinois,  auto  transj 
troctor  semitrailers  on  designated  major  routes. 

2"On  designated  highways;  trucks  26.5  feet  an 

27Closs  AA  highways;    45  feet  on  other  highw< 

-Closs  AA  highways  only. 

"Maximum  gross  weight  on  Closs  A  highways 

30  Including  load  14  feet;  various  exceptions  fi 

31  Tandem  axles  spoced  less  than  48  inches  op 
'"Subject  to  axle  and  tabular  limits. 

;  Single  axle  spaced  less  than  9  feet  from  neo 
'On  designated  highways  only  and  limited  to 
330n  designated  highways  only. 
'Administrative  regul  ation-32,000  pounds  all 
and  5  is  28  ft.  or  more. 

3  ■  Semitrailer  and  semitrailer  converted  to  full 
'"Dual-drive  axles,  otherwise  40  000  pounds. 
'"Or  as  prescribed  by  P.U.C. 
"'Exception  for  poles,  pillings,   structural  unit 

II 
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June  1963  »   PUBLIC   ROADS 

EHI 

ND  WEIGHTS  COMPARED  WITH  AASHO  STANDARDS 

!| 

nds,  December  31,  1962. 

imit 

Specified  maximum 

gross  weight-pounds i 

Practical  maximum  gross  weight-pounds' 

Applicable  to: 

Truck 

Truck 

-tractor  semitrailer 

Other 

combi- 

Truck 

Truck-tractor  semitrailer 

Other 

Line 

>t( 

'1 

Total 
wheel 
base 
only 

up 

1 

es 

2-oxle 

3-oxle 

3-axle 

4-axle 

5-axle 

nation 

2-axle 

3-axle 

3-axle 

4-axle 

5-axle 

combi- 
nation 

X 

27,  800 

47,600 

47,600 

60,010 

64,  650 

NP 

1 

■'■' 

er  18' 

Over  18' 

36,  000 

50,  000 

50,000 

72,000 

76,  800 

76,  800 

26,000 

40, 000 

44,  000 

58,000 

72,000 

76, 800 

2 

■ 

er  18' 

Over  18' 

26, 000 

40,000 

44,000 

58,000 

72,000 

76,  800 

3 

W 

I 

26,500 

40,500 

45,000 

59,000 

65, 000 

65,000 

4 

' 

er  18' 

Over    18' 

26,000 

40,000 

44,000 

58,000 

72, 000 

76,000 

5 

;' 

X 

30,000 

46,  000 

26,000 

44,000 

44,  000 

62,000 

76,000 

76, 000 

6 

• 

32,000 

50, 000 

50,  000 

60,000 

60,000 

NP 

30,848 

44,720 

51,000 

61,200 

61,200 

NP 

7 

* 

X 

30,000 

46, 000 

48, 000 

28,000 

44, 000 

48,000 

64, 000 

73, 280 

73,280 

8 

X 

70,  000 

70,000 

70, 000 

30,000 

46, 000 

52,  000 

'4  68,  000 

54 70, 000 

14  70,  000 

9 

X 

30,000 

52,  000 

52, 000 

65,200 

73, 095 

73, 095 

10 

« 

63,  280 

28,340 

48,680 

48, 680 

63,  280 

63,  280 

63,  280 

11 

: 

X 

32,000 

38,  800 

56,  000 

64,000 

72,000 

80,000 

12 

X 

26,  000 

40,000 

44,000 

58,000 

73,280 

76,800 

13 

• 

36,000 

2241,000 

45,000 

59,000 

72, 000 

72,000 

26,  000 

40,  000 

44,000 

58,000 

72,000 

72,000 

14 

• 

72, 000 

27, 000 

41,000 

45,000 

59,000 

23  73,000 

23  73,  000 

15 

X 

26,  540 

40, 960 

45,  080 

59,500 

73,  280 

73,280 

16 

X 

26,000 

40, 000 

44,000 

55,  470 

73,  280 

73,280 

17 

■ 

27,000 

42,000 

42, 000 

59,  640 

73,  280 

NP 

27,000 

42,000 

42,000 

59,640 

73,  280 

73,  280 

18 

- 

26,000 

40, 000 

44,000 

58,000 

72,000 

76,000 

19 

X 

32,000 

11  51,  800 

51,800 

60,050 

70,550 

70,  550 

30,  000 

40,000 

51,800 

62,040 

70,  550 

70,  550 

20 

X 

65,  000 

65,000 

65,000 

65, 000 

30,  400 

48,000 

52,800 

65,000 

65, 000 

65,000 

21 

■  ■ 

"46,000 

"60.000 

;60,0C0 

'■73,000 

32  73,  000 

NP 

30,400 

44,000 

52, 800 

66,  400 

73,000 

NP 

22 

■ 

26,000 

3S40,000 

44,  000 

35  58,000 

35  66, 000 

"102,000 

23 

X 

3  '73,  280 

26, 000 

40,000 

44,000 

58,000 

36  72, 000 

72,500 

24 

•til 

X 

26,  000 

3540,000 

44,000 

59, 000 

35  64,650 

35  64,  650 

25 

X 

26.000 

40,000 

44,000 

55,  470 

64,  650 

64,650 

26 

der  18' 

Under  18' 

26,000 

40,000 

44,000 

58,000 

72,000 

76,000 

27 

X 

36,000 

54,000 

54, 000 

71,146 

71,  146 

71,146 

26,  780 

41,200 

45,320 

59, 740 

73,280 

73,  280 

28 

der   18' 

Under  18' 

26, 900 

41,600 

45,800 

60,500 

75,200 

76,  800 

29 

-I 

X 

33, 400 

"47,500 

52, 800 

66,  400 

30,  t'00 

44,000 

52, 800 

66,  400 

66,400 

66,  400 

30 

■ 

30.000 

40,000 

60,000 

60,  000 

60,000 

60,  000 

31,500 

41,600 

55,  040 

63,  000 

63, 000 

63,000 

31 

der   18' 

Over    18' 

29,  600 

42,320 

51,200 

63,920 

76,  640 

86,  400 

32 

! 

X 

65,  000 

65, 000 

30,  400 

44,  000 

52,  800 

65,  000 

65,  000 

65,000 

33 

* 

31,  500 

46,200 

46,200 

65,  100 

65,  100 

65.  100 

27,000 

46,000 

46, 000 

65,  100 

65,  100 

65,  100 

34 

■    : 

der   18' 

Over  18' 

26,  000 

40,000 

44,000 

60,000 

44  64,  000 

« '64,000 

35 

Jc 

X 

27, 000 

39,500 

46,000 

58,  500 

71,000 

78, 000 

36 

X 

26,  000 

40,000 

44,000 

58,000 

72,  000 

73,280 

37 

der   18 

Over    18' 

'"76,000 

48  76, 000 

26,000 

40, 000 

44,000 

58,000 

72,000 

48  76, 000 

38 

■ 

33.000 

47, 000 

50,  000 

66>000 

60, 000 

62, 000 

31,072 

45,080 

51,500 

61,800 

61,800 

63,860 

39 

40 
41 

■ 
■ 

5  "36,  000 

s  l  44, 000 

;-50,000 

1 1 60, 000 

60, 000 

88,000 

30,400 

44, 000 

50,000 

60,000 

60, 000 

88,000 

- 

X 

28,000 

40, 000 

48,000 

60,000 

66, 839 

71,115 

42 

X 

26, 000 

40,000 

44, 000 

58,000 

72,000 

73,280 

43 

X 

26,000 

40, 000 

44,000 

58,000 

61,580 

43,500 

44 

X 

26, 900 

41,600 

45,  800 

60,500 

75,200 

75,600 

45 

X 



1 

36, 000 

51,000 

54,000 

69,000 

79,900 

79,900 

46 

■ 

""32,000 

5  5b  55, 000 

5St52,800 

55J66,400 

5  5d66,  400 

55,1 66,  400 

55  "32, 000 

"h  55,  000 

"c  52, 800 

55,1  66,400 

55  d  66,400 

55do6,400 

47 

X 

70, 000 

70, 000 

26, 000 

40,000 

44,000 

60,000 

70,000 

70,000 

48 

der  18' 

Over   18' 

28,000 

36,000 

46, 000 

60, 000 

68, 000 

72,000 

26,000 

36,000 

44,000 

60,000 

68,000 

72,000 

49 

X 

"70,000 

"'70,000 

"70,000 

26,900 

41,600 

45, 800 

57,844 

63,  840 

63,840 

50 

X 

27,500 

40,000 

47,000 

59,500 

73, 000 

73,000 

51 

. 

X 

26, 000 

44,000 

44,000 

62, 000 

73, 950 

73,950 

52 

X 

26, 000 

40,  000 

44,000 

55,  470 

61,490 

71,900 

— , 

30 

27 

29 

49 

49 

32 

: 

20 

18 

21 

21 

21 

2 

0 

0 

S. 

0 

3  |                    1 

0 

2 

19 

41  On  designated  highways  102  inches.     Body  restricted  to  96",  additional  6"  for  tires  only. 

..' 

ihority  56,000  pounds  maximum. 

42  Trackless  trolleys  and  buses  7  passengers  or  more,  P.S.C.  certificate  40  feet. 

. 

Ir  than  18';  900  (L+40)  on  highways  hoving  no  struc- 

4:1  Including  front  ond  rear  bumpers. 

14  Vehicles  in  excess  may  be  operated  under  special  permit  obtained  ia  advance  from  the  Deportment  of  n 

otor  Vehicl 

es; 

-: 

res,  concentrates,  aggregates,  and  agricultural 

100  pounds,  gross  weight  table:    vehicle  with  3  or  4 

North  Dakota,  from  State  Highway  Truck  Regulatory  Department. 

45  Auto  transports  only,  by  special  permit  only,  otherwise  50  feet. 

4"  Any  single  axle  exceeding   18,000  lbs.  shall  be  equipped  with  4  properly  inflated  tires. 

47Logging  vehicles  permitted  7-foot  wheelbose  tolerance,   19,000-single  axle,  34,000-pound  tondem  axle 

1  :i 

with  5  or  more  oxles  permitted  79,000  pounds  maximum 

4bGoverns  gross  weight  permitted  on  highways  designated  by  resolution  of  State  highway  commission. 
49  Single  unit  truck  with  4  oxles  permitted  60,000  pounds. 

>■ 

"Axles    spaced  less  than6  feet  32,000  pounds;  less  than  12  feet  36,000  pounds;   12  feet  or  more  gross  v 

/eight  gover 

ned 

!,« 

e  36,000  pounds,  tolerance  of  1,000  pounds  on  total  of 

°> 

"Singie  vehicle  with  3  or  more  axles  spaced  less  than  16  feet  40,000  pounds;   less  than  20  feet  44,000  p 

ounds;  20  f 

set 

■■ 

ss  weight;  depending  upon  the  placing  of  9000     on  the  ' 

o 

more  governed  by  axle  limit. 

52  Tractor  semitrailer  with  3  or  more  axles  spaced  less  than  22   feet  46,000  pounds;  not  less  than  27  fee 

50,000  pou 

nds. 

■  f 

combination  of  vehicles  except  farmer  having  trailer 
"trucks  pulling  house  trailers  only;  Oregon,  truck 
ather  highways. 

53  Limited  to  3,500   pounds. 

54  Several   bridges  posted  ot  lower  limits. 

550n  Interstate  Routes:    a.  30,000  lbs.;  b.  40,000  lbs.;  c.  50,000  lbs.;  d.  60,000  lbs. 

"Where  truck-tractor  wos  properly  registered  in  Pennsylvania  as  of  December  31,   1961,    55  feet. 

"Vehicles  registered  before  July  1,   1956,  permitted  limits  in  effect  January  1,   1956,  for  life  of  vehicle. 

l« 

' 

58  Three-unit  combinotions  and  full  truck  ond  full  trailer  combinations  on  designated  highways. 
"House  trailers  only,  otherwise  55  feet. 

.:.! 

-,". 

Zlass  B  highways  30,000  pounds. 

lorest  products  and  construction  materials. 

i 

60  Axle  lood  21,000  pounds  on  2-axle  trucks  hauling  peeled  or  unpeeled  forest  products  cut  crosswise  or 
om  form  to  market  but  not  over  Interstate  System. 

transporting 

milk 

•  >» 

Light  limitation  of  36,000  pounds. 

"'On  Class  A  highways.     All   oxles  of  a  vehicle  or  combinotion-73,000  pounds  maximum.    Wheel,  axle,  a 

xle  group  or 

d 

9 

ross  vehicle  weights  on  Closs  B  highways  are  6Q%    of  weights  including  tolerance  authoriled  for  Class  A  hi 

jhwoys. 

■;: 

13,000  pounds. 

''-Based  on  ruling  of  Attorney  General. 

': 

combination;  otherwise  26,000  pounds. 

63Weight  limits  to  be  established  by  administrative  regulations. 
64  For  axle  spacing  under  8  feet. 

* 

i  tandum  axles  provided  the  distance  between  axles  2 

65  Weights  ere  established  on  axle  spacing  of  the  extreme  of  ony  group. 

"Only  on  certain  highwoys,  or  portions  thereof,  designated  by  State  Roads  Commissioner,  and  consister 

:  with  Cone 

res- 

II 

ta  dolly. 

s 

ionol  oction.                                                                                                                                                                               ,                         , 

-:s. 

"'Mobile  house  and  towing  vehicle-50  feet  except  Noon  to  Midnight  Sundays  and  ether  designated  hplide 

y»- 

.hi 

:.,  permitted  70  feet. 
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In  recent  reports,  flame  photometric  methods 
have  been  developed  for  the  individual  deter- 
minations of  manganese,  magnesia,  and  the 
alkalies  in  a  single  solution  of  cement  (1,  2, 
3).2  However,  these  procedures  have  not 
been  developed  to  an  acceptable  level  for  rou- 
tine application. 

Much  testing  time  can  be  saved  by  use  of 
the  flame  photometer.  For  example,  the 
classical  gravimetric  method  for  determining 
the  alkalies  in  portland  cements  requires  '6  to 
4  days.  With  flame  photometry,  10  to  15 
samples  can  easily  be  run  in  less  than  a  day. 
This  great  saving  in  time  for  such  analyses, 
coupled  with  the  relatively  moderate  cost  of 
the  instrument,  makes  the  purchase  of  such 
equipment  worthwhile  for  analyzing  even  a 
relatively  small  number  of  samples,  20  to  30 
a  year. 

Flame  photometers  are  available  either  as  a 
separate  tool  or  as  an  attachment  to  manually 
operated  ultraviolet-visible  light  absorption 
spectrophotometers.  The  cost  of  flame  pho- 
tometers ranges  from  $500  to  $2,500  depend- 
ing on  the  refinements  of  the  circuit.  The 
presently  available  filter-type  instruments, 
which  are  generally  lower  priced,  are  not 
sufficiently  accurate  for  the  determination  of 
the  alkali  content  of  cements.  The  present 
ASTM  and  AASHO  methods  for  cement 
alkalies  require  a  light-dispersing  prism  or 
grating  and  have  been  written  around  a 
specific  instrument.  However,  revisions  in 
these  methods  are  now  being  made  so  that 
any  commercial  type  of  instrument  may  be 
used  provided  it  produces  results  within  a 
prescribed  degree  of  accuracy  for  tests  on 
standard  cements  of  certified  alkali  content. 

Arc  and  Spark  Spectroscopy 

The  classic  example  of  emission  spectro- 
scopy is  the  arc  or  spark  spectrograph.  In 
principle  arc  and  spark  spectroscopy  is 
similar  to  flame  photometry,  except  that  the 
sample  is  vaporized  and  excited  by  an  electric 
arc  or  spark  rather  than  by  a  flame.  Here 
again,  only  the  inorganic  elements  present 
can  be  determined  and  identified.  The  arc  or 
spark  spectograph  is  one  of  the  most  highly 
sensitive  tools  available  for  analytical  work. 
In  its  operation,  a  small  sample  is  burned 
between  electrodes  in  an  electric  arc  or  spark 
and  the  sample's  spectrum  is  recorded  on  a 
photographic  plate  or  other  sensing  device. 
An  inspection  of  the  resultant  pattern  of 
spectral  lines  serves  to  confirm  the  presence  or 
absence  of  about  70  of  the  chemical  elements. 
The  positions  of  the  lines  are  used  to  qualita- 
tively identify  the  elements  that  are  present, 
and  the  intensity  of  each  line  is  used  as  a 
quantitative  measure  of  the  amount  of  each 
element  present.  A  typical  spectrum  of  the 
type  obtained  on  a  photographic  plate  is 
shown  in  figure  5. 


Figure  11. — Infrared  spectra  of  paint  resins. 


■  References  indicated  by  itplic  numbers  in  parentheses 
are  listed  on  page  198. 
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Quantitative  results  from  arc  and  spark 
pectrographs  are  obtained  by  comparing  the 
densities  of  the  lines  of  the  test  sample  with 
he  intensities  of  lines  from  standard  samples 
f  known  composition.  In  order  to  obtain 
uitable  accuracy  it  is  necessary  to  make  a 
areful  standardization  of  the  photographic 
mulsion,  match  the  unknown  with  a  standard 
f  similar  composition,  and  obtain  accurate 
aeasurements  of  the  intensities.  Under  these 
onditions,  accuracy  is  in  the  range  of  5  to  15 
iercent  of  the  amount  of  the  constituent 
ircscin.  provided  the  amount  of  the  con- 
tituent  does  not  exceed  10  percent  of  the 
ample.  Accurate  quantitative  determina- 
ions  cannot  be  made  for  major  constituents 
hat  make  up  more  than  10  percent  of  the 
ample. 

Newer  types  of  spectrograph^  instruments, 
irhich  have  a  photoelectric  system  forquan- 
itative  read  out,  have  much  greater  accuracy 
,nd  precision  for   quantitative   work    (about 

percent  of  the  element  present).  However, 
hese  instruments  are  very  expensive  and  are 
imited  in  scope  when  used  for  qualitative 
pplications.  Such  instruments  are  most 
uitable  for  a  large  volume  of  repetitive  deter- 
minations of  the  same  elements  in  the  same 
ypes  of  materials. 

Lppliealion  and  instrumentation 

Many  materials  of  interest  to  the  highway 
sngineer  can  be  analyzed  by  an  arc  and  spark 
spectrograph.     These  include  minor  constitu- 

nts  in  aluminum  and  other  metallic  alloys, 
minor  constituents  in  steel,  alkali  and  alkali 

alts,  minerals,  and  even  paint  pigments. 
However,  certain  constituents  of  metals  such 
is  carbon,  sulfur,  and  phosphorous  cannot  be 
letermined  by  this  instrument.  The  cost  of 
u-c  and  spark  spectographic  equipment  is 
ligh— $15,000    to    $20,000.     The    additional 

ost  of  required  accessories  increases  the  total 
30st  for  establishing  a  complete  spectrographs 
aboratory  to  $40,000  or  more.  A  highway 
laboratory  having  a  very  large  volume  of 
netal  samples  for  chemical  analysis  may  be 
ible  to  justify  such  equipment. 


Ultraviolet  and  1  i.sible  Light 
Spectroscopy 

The  color  of  any  object  is  the  result  of 
absorption  of  certain  wavelengths  of  white 
light  and  reflection  or  transmission  of  others. 
Thus,  the  absorption  of  specific  wavelengths 
of  energy  by  particular  substances  is  a  familiar 
phenomenon  even  though  it  may  not  have 
been  recognized.  The  technical  explanation 
of  the  phenomenon  is  rather  involved.  It 
relates  to  the  difference  in  the  energy  of  the 
electrons  in  the  sample  before  and  after  the 
absorption  of  critical  radiation.  This,  in 
turn,  is  related  to  specific  characteristics  of 
molecules  of  substances.  The  type  of  curve 
obtained  when  the  ultraviolet  spectrum  is 
recorded  is  shown  in  figure  6.  For  some 
classes  of  compounds,  the  peaks  in  the  curve 
will  always  occur  in  approximately  the  same 
region.  Thus,  qualitatively,  the  wavelength 
location  of  the  peak  is  of  some  value.  How- 
public  ROADS  •  VOL.  32,  NO.  8 
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Figure  12. — Infrared  spectra  of  concrete  retarding  admixtures. 


ever,  the  greatest  application  of  both  ultra- 
violet and  visible  Light  absorption  measure- 
ments for  highway  materials  is  in  quantitative 
analysis.  The  quantitative  measurement  is 
the  vertical  displacement  of  the  peak — the 
absorbance  of  the  sample. 

It  is  known  that  the  amount  of  light  ab- 
sorbed by  dilute  solutions  of  a  substance  is 
directly  related  to  the  amount  of  dissolved 
substance  present.  Thus,  the  absorption  of  a 
test  solution  is  obtained  and  its  concentration 
is  determined  from  a  calibration  curve  pre- 
viously established  for  solutions  containing 
known  amounts  of  the  substance  under  test. 
Atypical  calibration  curve  for  a  lignosulfonate 
material  is  illustrated  in  figure  7.  The  same 
principle  is  applied  to  both  the  ultraviolet  and 
visible  light  wavelength  bands. 


Compounds  that  absorb  energy  in  the  ultra- 
violet region  are  generally  organic  in  nature 
and  those  that  absorb  energy  in  the  visible 
region  arc  usually  inorganic.  The  absorbed 
light  in  the  visible  region  is  related  to  the  color 
characteristics  of  the  sample. 

Application  of  ultraviolet  spectroscopy 

At  the  Public  Roads  laboratory,  ultraviolet 
spectral  analysis  is  used  in  conjunction  with 
infrared  spectroscopy  to  control  the  chemical 
uniformity  of  air-entraining  and  retarding 
admixtures  for  concrete.  Information  on  pari 
of  this  work  has  been  published  (4),  typical 
ultraviolet  spectra  of  such  admixtures  for  con- 
crete are  shown  in  figure  8.  The  height  of 
each  peak — the  absorbance — is  directly  related 
to  the  concentration  of  the  active  ingredient. 
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Figure  13.— Infrared  spectra  of  four  differen  t  lots  of  the  same  trade  name  retarder  (hydroxy 

carho.xylic  type). 


Other  laboratories  use  an  ASTM  ultra  viol 
spectrophotometric  method  to  determine  tl 
phthalic  anhydride  content  of  alkyd  resi  jr. 
paints  (5).  The  curve  for  phthalic  aci( 
shown  in  figure  6,  has  a  peak  at  a  wavelengt 
of  276  millimicrons,  which  is  characteristic  (  $ 
this  material.  The  absorbance  measuremei 
(vertical  displacement)  at  276  millimicrons 
proportional  to  the  concentration  of  th 
phthalic  acid  in  the  sample.  This  relationshi 
is  shown  in  figure  9. 


Application     of     visible     light     absorptio 
spectroscopy 

In  the  visible  region  of  the  spectrum 
manually  operated  instrument  often  is  use 
to  determine  the  presence  of  constituents  sue 
as  phosphorus  in  fertilizers,  titanium  in  pain 
pigments  and  portland  cements,  and  solubl 
silica  in  the  ASTM  chemical  test  for  potenti; 
alkali-aggregate  reactivity  of  concrete  aggre 
gates.  Such  spectrophotometric  methods  pre  ft 
vide  much  more  rapid  analyses  than  ordinar 
chemical  procedures  and  are  especially  usefi 
when  the  amount  of  the  constituent  to  b 
determined  is  very  small. 

Instrumentation 

Automatic  recording  ultraviolet  and  visibl 
light  spectrophotometers  are  very  expensive- 
from  $5,000  to  $10,000.     These  instrument  *' 
are    useful    mainly    for    research   and    spech 
investigations  on  organic  materials.     Automs   f 
tic  recording  instruments  can  scan  the  entir   f 
ultraviolet  spectrum  in  a   period  of  time  a 
short  as   1  or  2  minutes,  whereas  the  use 
manually     operated     instruments     for     thi 
purpose  may  require  1  or  2  hours  and  considei   B 
able  effort.     For  quantitative  analyses,  bot 
in  the  visible  and  ultraviolet  regions,  a  readin 
is    usually   taken    at   a    specific    wavelength  f 
consequently,  the  manually  operated  instru 
ments  are  entirely  adequate  for  such  applica 
tions  and  their  cost  is  about  $2,500,  perhap 
less. 


Infrared  Spectroscopy 

Infrared  spectroscopy  is  similar  to  ultr 
violet  spectroscopy  in  that  it  detects  th 
presence  of  groups  of  atoms  rather  than  th 
element  itself,  but  it  differs  in  that  vibratin 
atoms  or  groups  of  atoms,  rather  than  elee 
trons,  are  responsible  for  the  absorption  of  th 
incident  energy.  Such  atomic  groups  vibrat 
with  definite,  sharply  defined  frequencies  tha 
are  characteristic  of  the  molecular  combing 
tions.  These  frequencies  lie  in  the  infrared  o 
radiant  heat  region  of  the  electromagnet! 
spectrum,  which  extends  from  the  red  end 
the  visible  region  (about  0.8  microns)  to  3 
microns  and  beyond.  When  a  sample 
placed  in  a  beam  of  such  radiation,  it  absorb 
infrared  energy  at  frequencies  characteristic  o 
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tie    molecule    and    transmits    all    other    fre- 
uencies.    The  resultant  pattern,  known  as  an 

'  lfrared  absorption  spectrum,  is  probably  the 
\ost   characteristic    physical    property    of   all 

•  Dinpounds.  No  two  compounds  of  different 
bructure  or  different  chemical  nature  will  have 

H  lentical  infrared  spectra.  For  this  reason  the 
lfrared  spectrum  of  a  material  is  often  re- 
ared to  as  a  characteristic  fingerprint. 
I  Most  functional  groups  (parts  of  chemical 
ompounds)  have  a  characteristic  absorption 
t  fixed  frequencies.  Thus,  the  infrared 
pectrum  of  a  substance  can  also  indicate  the 
resence  or  absence  in  a  compound  of  chemical 
roups  such  as  carbonyl,  hydroxyl,  carboxylic 

"  cid,  ether,  vinyl,  aromatic  rings — just  to 
lention  a  very  few.     Consequently,  both  the 

1  Iriginal  chemical  nature  and  structure,  as  well 
s  the  chemical  changes  occurring  during 
ging  or  exposure  of  materials,  can  be  detected 
y  infrared  analysis.  The  intensity  of  an 
lfrared  absorption  peak  at  a  specific  wave- 
>ngth  is  a  definite  and  reproducible  function 

:  f  the  amount  of  material  in  the  sample  beam. 
ffence,  the  absorption  intensity  is  related  to 
he  amount  of  a  given  material  in  the  sample. 

ipplications  of  infrared  spectroscopy 

,.     An  infrared  spectrophotometer  in  operation 

t..5  shown  in  figure  10.  The  Public  Roads 
tboratory  has  used  infrared  analysis  for  many 

;  lighway  materials.  One  such  application  has 
leen  the  identification  of  commercial  concrete 
etarders.  Because  such  materials  are  sold 
uider  different  proprietory  trade  names,  it 
lecumes  important  for  the  purchaser  to  assure 
limself  that  the  product  is  uniform  in  com- 
>osition  from  batch  to  batch.     This  can  be 

i  lonveniently  and  rapidly  done  by  infrared 
malysis,  and  long-term  or  involved  physical 
esting  of  each  batch  of  product  purchased  is 
liot  necessary. 

Infrared  spectroscopy  provides  an  ideal  and 
apid  tool,  as  well  as  one  of  the  surest  methods, 
or  the  analysis  of  organic  substances  of  all 
ypes.  With  some  limitations,  it  is  also  ap- 
plicable to  the  analysis  of  inorganic  materials. 
The   sample   can   be   in   the   form   of  a  solid, 

,   iquid,  or  gas,  and  the  complete  analysis  of  a 

;,  naterial  is  extremely  rapid.  Generally,  quan- 
itative  determinations  based  on  the  amount 
of  absorption  are  accurate  to  within  plus  or 
minus  5  to  10  percent  of  the  amount  of  the 

■jj  Bpnstituent  present. 

Sample  size  can  be  very  small — as  little  as 
nig.,  less  if  necessary.  Very  little  sample 
preparation  is  required,  except  that  water  or 
moisture  must  first  be  removed  from  the 
sample.     Only    minutes    are    required    for    a 

,1  complete  recording  of  the  spectrum.  Some 
States  have  used  infrared  spectral  analysis  for 
the  identification  of  paint  vehicles.  Modern- 
y  paint  resins  are  so  complex  that  they 
almost  defy  identification  by  use  of  ordinary 
chemical    methods.     Therefore,    infrared    has 
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Figure  14. — Infrared  spectra  of  concrete  air-entraining  admixtures. 


become  a  valuable  method  for  use  in  checking 
supplies  of  traffic  paints  against  the  original 
paint  supplied  for  the  performance  tests. 
Significant  differences  in  composition  can  be 
clearly .  demonstrated  in  minutes  by  infrared 
analysis;  whereas,  the  detection  of  such  differ- 
ences by  chemical  means  would  require  days — 
if  they  could  be  detected  at  all.  Figure  11 
shows  the  spectra  of  different  paint  resins 
used  in  traffic  paints. 


Infrared  is  also  applied  in  a  similar  way  to 
organic  materials  that  are  used  as  concrete 
admixtures.  The  infrared  patterns  of  several 
different  classes  of  retarders  are  shown  in 
figure  12.  Notice  that  the  three  spectra  are 
substantially  different  and  that  each  is 
characteristic  for  that  proprietory  product. 
Figure  13  shows  how  infrared  can  be  used  as  a 
check  on  product  uniformity.  Each  spectrum 
represents   a    different    lot    of   the    same    pro- 
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prietory  product.  The  position  of  the  peaks 
as  well  as  the  shapes  of  the  curves  are  sub- 
stantially the  same,  thus  giving  assurance 
that  the  product  is  uniform. 

The  list  of  both  organic  and  inorganic 
materials  that  can  be  analyzed  by  infrared 
spectroscopy  is  almost  endless  and  many  of 
these  materials  are  of  interest  to  highway 
laboratories.  In  addition  to  those  already 
mentioned,  present-day  practical  applications 


may  be  made  to  materials  such  as  air-entrain- 
ing agents,  herbicides,  epoxy  resins,  silicones, 
plastic  sheeting  and  membrane  curing  ma- 
terials, synthetic  rubber  water-stops,  clays, 
and  other  minerals.  The  infrared  patterns 
of  some  of  these  materials  are  shown  in 
figs.  14-17. 

The  infrared  spectrophotometer  is  also  a 
valuable  tool  in  the  continuing  research  on 
the     nature     and     composition     of     asphalts. 


Typical  ^infrared  spectra  of  asphaltic  con 
stituents,  separated  from  asphalt  by  enrol 
matographic  methods,  are  shown  in  figure  IS 

Instrumentation 

Infrared  instruments  range  in  price  fron 
$5,000  to  $25,000.  A  model  in  the  lowe 
price  range  is  generally  considered  adequat 
for  the  purposes  discussed.  Infrared  equip 
ment  can  be  economically  justified  wher 
concern  is  either  with  research  problems  an( 
the  chemical  nature  of  organic  materials  o 
the  control  of  chemical  uniformity  of  organi 
trade  products. 

X-ray  Diffraction 

X-ray  diffraction  is  used  to  analyze  crystal 
line  materials  in  the  solid  state.  When  th< 
crystalline  material  is  irradiated  with  a  mono 
chromatic  beam  of  X-rays,  the  different  plane; 
of  atoms  within  the  sample  will  diffract  th 
X-ray  beam  at  angles  determined  by  the 
spacing  between  the  planes.  These  diffracteq 
beams  can  be  recorded  on  a  film  placed  con- 
centrically around  the  sample,  and  the  re- 
sultant image  is  called  an  X-ray  diffract ioi 
pattern.  This  pattern  is  unique  for  each  ma- 
terial irradiated  and  varies  according  to  tin 
characteristics.  The  instrument  is  usuallj 
further  refined  to  provide  quantitative  result? 
by  employing  a  counter  and  the  results  ob- 
tained are  in  the  form  of  patterns  similar  tr 
that  for  X-ray  fluorescence  shown  in  figure  19 
The  location  or  lateral  displacement  of  th< 
peaks  qualitatively  establishes  the  nature  oij 
the  material,  and  the  height  of  the  peaks  i.- 
used  as  a  quantitative  measure  of  the  crystal- 
line constituents. 

In  operation,  a  small  powdered  sample  is 
inserted  in  the  instrument  and  the  quantita- 
tive X-ray  diffraction  pattern  is  recorded  auto- 
matically within  30  minutes.  No  special 
preparation  normally  is  required  for  ordinary 
solid  samples. 

Application  and  instrumentation 

X-ray  diffraction  techniques  are  applicable 
to  studies  of  highway  materials  such  as  soils, 
clays,  and  aggregates.  By  use  of  this  tech- 
nique, the  mineralogical  nature  of  the  materia 
may  be  evaluated.  X-ray  diffraction  may  b< 
used  in  soils  and  soil  stabilization  studies  to 
evaluate  the  clay  mineral  nature  of  the  soil  and 
thereby  assist  in  evaluation  of  the  potential 
soil  or  subgrade  properties.  Siliceous  minerals 
such  as  quartz  and  tridymite  or  calcareous 
minerals  such  as  calcite  and  dolomite  may  be 
distinguished  from  each  other,  as  well  as 
identified  in  aggregates;  this  identification  can 
be  helpful  when  knowledge  of  the  mineral 
nature  of  the  aggregate  is  important.  Each 
mineral  present  can  be  quantitatively  esti- 
mated to  the  nearest  5  percent  of  the  sample 
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The  cost  of  X-ray  diffraction  instrument  a- 
ion  is  approximately  $25,000.  At  the  present 
inie,  these  instruments  are  used  by  highway 
,nd  university  laboratories  in  connection  with 
esearch  investigations  of  portland  cement, 
oils  problems,  or  other  special  investigations 
f  a  nonroutine  nature  as  to  the  mineralogical 
ature  of  highway  materials.  Unless  a  labo- 
atory  is  concerned  with  such  problems  regu- 
arly,  the  cost  of  the  instrument  probably 
ould  not  be  justified. 


X-ray  Fluorescence 

The  principle  of  X-ray  fluorescence  is  rather 
nvolved.  It  is  based  on  changes  in  the  energy 
evels  of  the  electrons  of  the  atoms  that  cause 
V-ray  radiation  or  fluorescence.  These  fluo- 
escent  X-ray  photons,  when  identified  by 
vavelength  measurements,  characterize  the 
■lenient,  and  their  frequency  of  occurrence  is 
juantitatively  proportional  to  the  amount  of 
'he  element  present.  The  type  of  spectrum 
bbtained  is  similar  to  those  obtained  by  other 
K-ray  techniques  and  is  illustrated  in  figure  19. 

X-ray  fluorescence  is  suitable  for  analyzing 
:ither  liquid  or  solid  samples  and  is  useful 
or  the  identification  and  quantitative  deter- 
nination  of  the  elements  that  are  present  in 
m  inorganic  material.  At  the  present  time, 
implication  of  this  technique  is  limited  to  ele- 
nents  having  an  atomic  number  of  12  or 
nore — 12  is  the  number  for  magnesium. 
Therefore,  analyses  for  elements  such  as  so- 
lium, oxygen,  nitrogen,  carbon,  lithium, 
lydrogen,  and  a  few  others  cannot  now  be 
nade. 

Quantitative  accuracy  of  results  obtained 
oy  the  X-ray  fluorescence  technique  is  about 
1  percent  of  the  constituent  present.  Accu- 
racy is  even  better  when  the  approximate 
amounts  of  the  other  elements  present  in  the 
sample  are  known  so  that  suitable  standards 
can  be  used  for  calibration.  Use  of  X-ray 
fluorescence  is  not  limited  to  the  quantita- 
tive analysis  of  only  the  minor  constituents 
of  a  material  as  is  arc  and  spark  spectroscopy; 
its  greatest  utility  is  and  will  be  in  determin- 
ing the  quantitative  amounts  of  major  ele- 
mental constituents  present  in  a  material. 
Sample  preparation  requires  about  15  min- 
utes, and  a  quantitative  determination  for 
each  element  also  requires  approximately  15 
minutes.  It  takes  about  1  hour  to  qualita- 
tively scan  the  entire  spectrum  for  the  pres- 
ence of  all  possible  elements,  but  routine 
analysis  of  specific  materials  can  be  conducted 
in  approximately  30  minutes. 

Application  and  instrumentation 

Examples  of  materials  that  can  be  ana- 
lyzed at  the  present  time  by  X-ray  fluores- 
cence include  the  chemical  elements  in  steel, 
alloys,  and  paint  pigments.  Research  stud- 
ies are  now  being  conducted  by  the  National 
Bureau  of  Standards  and  other  organizations 
to  determine  its  usefulness  in  the  analysis  of 
Portland    cement.     At    the    present    time,    its 
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application  to  this  material  is  not  considered 
practical  for  rigid  control  purposes  but  such 
application  is  expected  to  become  a  reality  in 
a  little  more  than  5  years.  This  would  mean 
thai  an  analysis  now  requiring  several  days 
could  be  completed  in  from  30  minutes  to 
an   hour. 


The  instrument  is  usually  set  up  for  the 
analysis  of  a  particular  material — a  specific 
alloy,  portland  cement,  or  special  steel.  Con- 
sequently, in  its  present  stage  of  ftevelo'pment, 
it  is  impracticable  to  adjust  the  same  instru- 
ment for  use  on  a  cement,  then  a  paint  pig- 
ment, and  then  an  alloy,  etc.      Therefore,  the 


1 3  |4  |5      Figure  18. — Infrared  spectra  of  component 

of  asphalt. 


future  use  for  X-ray  fluorescence  appears  mos 
promising  for  the  analysis  of  large  volume; 
of  specific  products  that  have  a  rather  uni 
form  nature.  The  cost  of  such  instrument; 
ranges  from  a  minimum  of  $5,000  to  mort 
than  $45,000,  depending  upon  the  channels  0j 
selectors  provided  for  the  different  elements 
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Table  1. — Spectroscopy  methods  presently  applicable  to  routine  control  of  highway  materials 


'I'M f  instrument 

Approximate 

cost  including 

accessories 

Fields  01 

application 

Average  attended  time  re- 
quired per  sample  > 

Average 
elapsed 
time  for 
analysis  ' 

Quantitative  accu- 
racy; percent  of 
constituent  present 

Material 

Constituent  deter- 
mined and/or  purpose 
of  test 

Type  of 
determination 

For 
Sample 
prepara- 
tion 

For  instru- 
mental 

evaluation 
and  cal- 
culation 

Total 

Routine 

Possible 

Spectrophotometer: 
(manual  type) 
Ultraviolet  light. 

Visible  light 

$2, 500 
(2) 

Paint  vehicles _ 

Alkvd  resin.     ...  . 
Lignosulfonate  .     . 

Quantitative 
do 

Minutes 

5-30 
5-30 
5-30 

5-30 
5  30 

5-30 
5-30 

5  5-30 
^5-30 

5-15 
5-15 

5-15 

5-20 

5-20 
5-20 
5-20 
5-20 
5-20 
5-20 
5-20 

» 0-10 

80    111 

6  0-10 

Mim.t  s 

10 
10 
10 

5 

5 
5 

1 

5  5 
«5 

5 
5 
5 

15-30 

15-30 
15-30 
15-30 

15-30 
15-30 
1.3-30 
15-30 

6  5-50 

6  5-50 
«  5-50 

Minutes 

15-40 
15-40 
15-40 

la  35 
10-35 
10-35 
10-35 

s  10-35 
5  10-35 

10-20 
in  20 
10-20 

20-50 

20-50 
20-50 

jii  ;,n 
20-50 
■JII   5i  1 
20-50 
20-50 

»  5-60 

5  mi 
!  5-00 

I  In  IS 

1 
1 

1 

5  1 
'  1 
51 
51 

5  1 
5  1 

H 

V2 

H 

l 

l 
l 
l 
i 
l 
l 
l 

M-3 

6  1-3 
6  1-3 

±  Percent 

2 
2 
2 

2 
2 
2 
2 

2 
2 

5 
5 
5 

10 

10 
10 
10 
10 
10 
10 
10 

10 

10 

10 

± Percent 

0.5 
0.5 

0.5 

0.  5 
o.  5 
0.5 
0.5 

0.  5 
0.5 

1.0 
1.0 
1.0 

2.0 

2.  t) 
2.(1 
2.0 
2.0 
2.0 
2.0 
2.0 

1.0 

1    ll 
1   li 

Concrete  retarders _ 

Concrete     air-entraining    admix- 
tures. 

Fertilizer 

Vinsol  resin,  Darex, 
etc. 

Phosphoric  acid.. 

do 

do 

Flame  Photometer... 

Infrared   spectropho- 
tometer. 
(automatic  re- 
recording) 

Arc  and  spark  spec- 
trograph. 

(Photographic 
plate) 

3  $50C-2, 500 
$5, 000-25. 000 

$40. 000 

Cement,  slag ..  _  _  _     

Titanium  dioxide 

do 

Alkali  reactivif  y. 

chemical  test  tor 

silica. 

Minor  constituents 

do 

Alkalies.. 

Potash 

do 

do 

do 

do 

do 

do 

do 

Steel.             

Cement    .      .           

Fertilizer . 

Rock  salt  (for  ice  removal) 

Concrete    retarders.    water-re- 
ducers,    air-entraining    admix- 
tures,   curing    materials,    and 
rubber     and    synthetic     water 
stops. 

Epox y  resins 

Paint  vehicles  and  pigments 

Sodium  chloride 

____do 

Identification  and/or 
uniformity  of  prod- 
uct. 

do 

do 

..  do 

Qualitative 
and  semi- 
quantita- 
tive 

do _. 

....do 

do 

do 

do 

do 

Alloys  of  aluminum,  copper,  mag- 
nesium, nickel,  lead,  tin,  and 
zinc. 

Steel 

do 

Minor  alloying  con- 
stituents. 

do    .    

do 

Quantitative 

do 

Minor  constituents 

do 

i  Date  shown  in  table  are  genera'  estimates.    Considerable  variation  in  estimates  should  be  expected  depending  on  specific  conditions  encountered. 

-  Available  as  accessory  to  manually  operated  spectrophotometer  and  is  included  in  cost  shown  lor  this  instrument. 

3  Also  available  as  accessory  to  some  manual  spectrophotometers. 

1  Assuming  large  volume  of  similar  samples  to  be  tested. 

'  Time  shown  is  for  each  alloving  constituent  in  metals. 

»  Time  shown  is  for  all  of  the  alloying  or  minor  constituents  present. 

7  Time  from  beginning  of  work  on  a  specific  sample  until  analysis  is  complete  for  that  sample  under  routine  control  conditions. 
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INTERSTATE  S^  STEM  ROUTE 
LOG  AND  FINDER  LIST 

The  Bureau  of  Public  Roads  1ms  recently 
published  Interstate  System  Route  Log  and 
Finder  List,  a  16-page  leaflet  that  explains  the 
nbering  system  of  the  National  System  of 
1  aterstate  and  1  >efense  Highways  and  presents 
(1)  a  list  of  main  Interstate  Highway  System 
routes,  the  mileage  in  each  State,  and  key 
cities  the  routes  pass  through;  (2)  a  list  of 
radial,  circumferential,  and  spur  Interstate 
mutes;  and  (3)  a  list  of  major  cities  served  by 
the  Interstate  System.  A  small-scale  map  of 
the  System  is  also  included. 

These  listings  provide  a  means  for  finding 
the  general  locations  of  each  Interstate  route 


A  third  film  on  the  AASHO  Road  Test  has 
been  released  by  the  Bureau  of  Public  Roads, 
U.S.  Department  of  Commerce.  Entitled, 
The  Road  to  Better  Roads,  this  film  is  a  16-mm. 
color  and  sound  production  that  has  a  running 
time  of  about  14  minutes.  This  film  is  a  non- 
technical description  of  the  $27  million  high- 
way research  project  conducted  at  Ottawa, 
Illinois  during  the  years  1956  to  1961. 

The  Bureau  of  Public  Roads  has  produced 
two  previous  films  designed  to  acquaint  engi- 
neers with  the  technical  details  of  the  project's 
materials,  construction,  test  procedures,  and 
results.  Information  on  these  films  has  been 
published  in  Public  Roads,  volume  32,  No. 
3,  p.  63,  and  No.  5,  p.  112,  respectively. 


New  Publications 


and  for  finding  the  numbers  of  the  routes  that 
serve  each  major  city.  Because  many  por- 
tions of  the  Interstate  System  are  not  yet 
built,  the  leaflet  will  not  serve  as  a  touring 
guide,  nor  is  it  intended  for  that  purpose.  It 
will  be  useful,  however,  for  many  other  pur- 
poses. 

This  leaflet  is  available  from  the  Super- 
intendent of  Documents,  U.S.  Government 
Printing  Office,  Washington  25,  D.C.,  for  10 
cents  a  copy. 


HIGHWAY  STATISTICS,  1961 

The  Bureau  of  Public  Roads,  U.S.  Depart- 
ment   of    Commerce,    has    published    a    new 


The  Road  to  Better  Roads 


(Third  AASHO  Road  Test  Film) 

The  latest  film  is  considered  suitable  for 
showing  to  citizens  groups,  highway-oriented 
organizations,  or  legislative  bodies.  A  Public 
Roads  spokesman  has  suggested  that  the  film 
might  be  particularly  useful  to  State  highway 
officials  in  explaining  the  background  of  State- 
conducted  research  designed  to  expand  upon 
the  results  of  the  AASHO  Road  Test. 

The  Road  Test  was  a  research  project 
designed  to  study  the  performance  of  different 
highway  pavements  and  bridges  under  con- 
trolled truck  and  traffic  loading.  The  test 
was  sponsored  by  the  American  Association 
of  State  Highway  Officials  and  financed  by  the 
States,  Public  Roads,  and  some  industry 
groups.  The  Department  of  Defense  coop- 
erated in  the  project,  which  was  administered 


150-page  bulletin,  Highway  Statistics,  106 
the  17th  in  the  annual  series  that  presenl 
statistical  and  analytical  tables  of  genen 
interest  on  motor  fuel,  motor  vehicles,  higl 
way-user  taxation,  State  and  local  highwa 
financing,  road  and  street  mileage,  and  Fee 
eral  aid  for  highways. 

Highway  Statistics,  1961,  may  be  purchase' 
from  the  Superintendent  of  Documents,  U.£ 
Government  Printing  Office,  Washington  21 
D.C.,  for  $1.00  a  copy.  Some  of  the  previou 
annual  issues  of  the  series  and  the  gummas 
to  1955  are  also  available  from  the  Superin 
tendent  of  Documents;  a  list  of  availabl 
issues  is  carried  on  the  inside  back  cover  o 
this  magazine. 


n    * 


by  the  Highway  Research  Board  of  th 
National  Academy  of  Sciences — Nationa 
Research  Council. 

Prints  of  the  film,  The  Road  to  Belter  Roads 
may  be  borrowed  by  contacting  one  of  th 
Division  Offices  of  the  Bureau  of  Publi 
Roads,  one  of  which  is  located  in  each  Stat 
capital.  Requests  may  also  be  submitte 
directly  to  the  Photographic  Section,  Bureai 
of  Public  Roads,  Washington  25,  D.C.  Then 
is  no  charge  other  than  for  express  or  postag 
fees  for  booking  the  film.  Requests  shoulc 
be  submitted  well  in  advance  of  the  desired 
screening  date,  and  alternate  dates  indicated 
if  possible.  Immediate  return  of  the  filn 
after  each  booking  is  required. 


200 


June  1963  e   PUBLIC   ROADS 

U.S.    GOVERNMENT  PRINTING   0FFICE:I963 


) 


A  list  of  the  more  important  articles  in  Public  Roads  and  title 
xeels  for  volumes   24-81   are  available  upon  request  addressed  to 
lureau  of  Public  Roads,  Washington  25,  D.C. 
The  following    publications    are   sold   by   the    Superintendent   of 

ocuments,    Government    Printing    Office,    Washington    25,     D.C. 
'rders  should  be  sent  direct  to  the  Superintendent  of  Documents, 
'repayment  is  required. 
< 

NNUAL   REPORTS 

.nnual  Reports  of  the  Bureau  of  Public  Roads: 

1951,  35  cents.  1955,  25  cents  1958,  30  cents.  1959,  40 
silts.  1960,  35  cents.  1962,  35  cents.  (Other  years,  including 
961  report,  are  now  out  of  print.) 


REPORTS  TO  CONGRESS 

actual    Discussion    of    Motortruck    Operation,    Regulation    and 
Taxation  (1951).     30  cents. 

1  ederal  Role  in  Highway  Safety,  House  Document  No.  93  (1959). 
60  cents. 

-  lighway  Cost  Allocation  Study: 

First    Progress   Report,    House   Document   No.    106    (1957). 
35  cents. 


Final  Report,  Parts  I-V,  House  Document  No.  54  (1961). 
70  cents. 

Final  Report,  Part  VI :  Economic  and  Social  Effects  of  High- 
way Improvement,  House  Document  No.  72  (1961). 
25  cents. 

'he    1961    Interstate   System    Cost    Estimate,    House    Document 
No.  49  (1961).     20  cents. 


i.S.  HIGHWAY   MAP 

vlap  of  U.S.  showing  routes  of  National  System  of  Interstate 
and  Defense  Highways,  Federal-aid  Primary  Highway  System, 
and  U.S.  Numbered  Highway  System.  Scale  1  inch  equals  80 
miles.     25  cents. 


'UBLICATIONS 


Standard- 
Graphical 


Aggregate  Gradation  for  Highways:  Simplification, 
ization,  and  Uniform  Application,  and  A  New 
Evaluation  Chart  (1962).     25  cents. 

America's  Lifelines— Federal  Aid  for  Highways  (1962).     15  cents. 
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Analyses  of  Direct  Costs  and  Frequencies 
of  Illinois  Motor-Vehicle  Accidents,  1958 


By1  CHARLES  M.  BILLINGSLEY,  Transportation  Economist, 

THE   U.S.    BUREAU    OF    PUBLIC    ROADS,    and 
DAYTON  P.  JORGENSON,  Research  Analyst, 
ILLINOIS    DIVISION    OF    HIGHWAYS 


Introduction 

SOME  OF  the  principal  findings  of  the 
Illinois  motor-vehicle  accident  cost  study, 
a  cooperative  project  of  the  Illinois  Division 
of  Highways  and  the  U.S.  Bureau  of  Public 
Roads,  are  discussed  in  this  article.  The 
study,  which  was  undertaken  in  1959,  was 
designed  to  measure  the  direct  costs  of  acci- 
dents and  incidents  involving  owners  of 
Illinois  registered  passenger  cars  and  trucks 
during  calendar  year  1958  and  to  relate  such 
costs  to  the  highway,  the  vehicle,  and  the 
persons  involved. 

The  only  distinction  between  a  motor- 
vehicle  accident  and  a  motor-vehicle  incident 
is  the  element  of  motion.  In  an  incident, 
there  is  no  motion  on  the  part  of  the  motor 
vehicle.  In  general,  losses  through  motor- 
vehicle  incidents  include  such  events  as  storm 
damage,  acts  of  vandalism,  fires,  mishaps 
occurring  during  the  servicing  and  repair  of  a 
motor  vehicle,  collisions  of  conveyances  other 
than  motor  vehicles  with  parked  or  standing 
motor  vehicles,  and  similar  happenings. 

Many  cost  items  can  be  associated  with 
traffic  accidents  and  other  mishaps,  but  coop- 
erative studies  of  the  Bureau  of  Public  Roads 
and  State  highway  organizations  undertaken 
to  date  have  been  concerned  only  with  the 
direct  costs  of  accidents  and  incidents.2  A 
broad  but  not  quite  accurate  definition  is  that 
the  Illinois  study  and  previous  studies  have 
reflected  only  the  "out-of-pocket"  costs. 
Stated  more  precisely,  the  costs  were  those 
directly  attributable  to  accidents,  and  the 
costs  thus  determined  represented  the  use  of 
resources  that  would  have  been  available  for 
other  purposes  bad  the  accidents  not  occurred. 
Cost  elements  included  in  the  study  are  dis- 


Presented  at  the  42d  annual  meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1963. 

2  Other  cooperative  studies  and  the  year  of  survey  were: 
Passenger  car  phase — Massachusetts,  1953;  New  Mexico, 
1955;  and  Utah,  1955.  Truck  phase— Massachusetts,  1955; 
New  Mexico,  1956;  and  Utah,  1957. 

PUBLIC  ROADS  •  Vol.  32,  No.  9 


The  Illinois  Accident  Cost  Study  ivas  designed  to  provide  comprehensive  data 
on  the  cost  of  motor-vehicle  accidents  and  incidents  of  all  degrees  of  severity, 
ranging  from  incidents  involving  only  a  few  dollars  damage  to  the  most  severe 
and  costly  accidents. 

During  the  study  year  nearly  10  million,  persons  resided  in  the  State  and  more 
than  4  million  of  these  individuals  were  licensed  to  drive.  Also,  nearly  3x/$ 
million  privately  owned  Illinois  passenger  cars  and  trucks  were  in  use  during 
1958,  and  one-tenth  of  the  owners  of  these  vehicles  were  involved  in  an  accident 
of  such  severity  as  to  require  an  owner's  report  to  be  filed  with  the  Bureau  of 
Traffic,  Division  of  Highways. 

Data  developed  in  the  Illinois  study,  as  well  as  in  earlier  studies  conducted  in 
other  States,  indicated  that  a  substantial  part  of  the  accident  problem  is  over- 
looked by  basing  studies  only  upon  the  official  <iccident  records  of  a  State. 
Findings  of  the  Illinois  study  showed  that  approximately  three-fourths  of  the 
total  number  of  accident  involvements  and  slightly  more  tlian  two-fifths  of  the 
total  direct  costs  were  attributed  to  unreported  events.  Although  most  of  the 
unreported  involvements  were  minor  happenings,  in  the  aggregate  they  rep- 
resented a  significant  part  of  the  total  direct  cost  of  motor-vehicle  accidents  in 
Illinois.  N 

Motor-vehicle  accidents  generate  a  tvide  array  of  tangible  and  intangible 
effects.  A  satisfactory  appraisal  of  all  the  economic  and  social  consequences  of 
an,  accident  is  a  practical  impossibility  in  statistical  terms.  Thus,  to  interpret 
the  data  presented  in  this  article,  it  is  necessary  to  emphasise  that  only  the  costs 
directly  associated  with  accidents   were   included. 

Although  the  study  was  restricted  to  the  determination  of  direct,  costs,  the 
task  of  accounting  for  and  verifying  all  cost  items  accruing  from  a  vehicle  being 
involved  in  an  accident  was  considerable.  Interviewers  traveling  over  the  102 
counties  of  the  State  made  nearly  23,000  personal  and  4,000  telephone  calls. 
To  ferret,  out  and  verify  costs,  they  completed  16,600  interviews  with  owners 
and  drivers  of  vehicles,  with  injured  persons  and  their  relatives,  with  doctors, 
insurance  brokers,  attorneys,  police  officials,  and  others. 


cussed  in  subsequent  sections  of  this  article. 

Legal  requirements  in  all  States  specify 
that  owners  must  file  a  report  of  motor-vehicle 
accidents  involving  death  or  injury.  The 
laws  relating  to  property  damage  only  acci- 
dents vary  from  State  to  State.  In  Illinois 
the  statutory  requirement  specifies  that  an 
accident  report  must  be  filed  with  the  State 
for  any  motor-vehicle  accident  involving- 
death  or  injury,  and  any  accident  in  which 
damage  to  property  of  any  one  person  exceeds 
$100. 

With  few  exceptions,  accident  statistics 
published  by  different  private  and  public  or- 
ganizations are  based  solely  upon  official  re- 


ports of  accidents  filed  with  State  agencies. 
Data  developed  in  cooperative  studies  under- 
taken by  the  Bureau  of  Public  Roads  have 
indicated  that  a  substantial  part  of  the  acci- 
dent problem  is  overlooked  by  relying  only 
upon  official  accident  records.  Many  acci- 
dents occur  for  which  no  reports  are  filed,  and 
although  the  events  are  usually  minor  hap- 
penings they  add  significantly  to  the  number 
and  cost  of  accidents. 

The  Illinois  study,  ;>s  well  as  previous 
studies,  was  designed  to  determine  the  direct 
costs  of  accidents  and  incidents  ranging  from 
minor  fender-denting  collisions  to  the  most 
serious  accidents  involving  death  or  injury. 
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Summary 

majoi    findings  of  the  Illinois  accidenl 
study   discussed   in   this   article  arc  pre- 
ed  in  the  following  paragraphs. 

Direct  costs  of  motor-vehicle  accidents  and 
incidents  involving  Illinois  registered  passen- 
ger cars  during  1958  totaled  $309.5  million. 
For  Illinois  trucks,  such  costs  amounted  to 
$29.3  million.  For  events,  occurring  both  on 
and  off  the  highways  and  in  and  out  of  the 
State  of  Illinois,  the  resultant  costs  to  person 
and   property    totaled    one-third    of   a    billion 

dollars  or  an  anion quh  alent  to  1  hree-fifl  hs 

of  the  total  outla}  of  funds  by  Stale,  Federal, 
and   local   governments   for   the   construction 
maintenance  of  Illinois  roads  and  streets 
during  1958. 

The  one-third  of  a  billion  dollars  repre- 
sented an  average  cost  of  $928,000  per  day, 
$104  per  vehicle  in  use.  $84  for  each  person 
having  a  permit  to  drive,  and  $35  per  capita. 

Approximately  1.3  million  Illinois  passenger 
cats  were  involved  in  traffic  accidents  on 
Illinois  highways  costing  $258.8  million,  or  an 
average  of  $196  per  event  ;  similarly,  128,000 
trucks  were  involved  in  traffic  accidents  cost- 
ing $18.1  million,  or  an  average  of  $141  per 
event.  A  further  comparison  on  the  basis  of 
exposure  indicated  costs  of  0.97  of  a  cent  per 
passenger-car  mile  and  0.36  of  a  cent  per 
truck-mile. 

Three-fourths  of  the  1.3  million  passenger 
car  involvements  and  four-fifths  of  the  128,000 
truck  involvements  were  not  recorded  in  the 
official  accident  files  of  the  State.  Although 
most  of  these  events  were  minor  happenings 
in  which  property  damage  costs  were  below 
the  legal  reporting  minimum,  1  hey  accounted 
for  42  percent  of  the  total  direct  costs  of 
passenger  car  accidents  and  55  percent  of  the 
total  direct  costs  of  truck  accidents. 

The  distribution  of  the  accident  cost  dollar 
for  all  severity  classes  of  accidents  was,  as 
follows:  Property  damage,  60  cents;  treatment 
of  injuries,  S  cents;  loss  of  use  of  vehicle,  1 
cent;  value  of  work  time  lost,  S  cents;  legal 
and  court  fees,  10  cents:  and  damage  awards 
and  settlements  in  excess  of  known  costs,  13 
cents. 

The  problems  inherent  in  sampling  the 
universe  of  traffic  accidents  for  the  purpose 
of  determining  costs  were  made  evident  by 
the  wide  range  in  costs  found  for  the  different 
severity  classes  of  accidents.  Extreme  cost 
values  for  individual  sample  cases  were,  as 
follows;  Fatal  injury  involvements,  $136,000; 
nonfatal  injury,  $73,000;  and  property  dam- 
age only,  $30,000.  In  contrast,  median  cost 
values  were  $2,280  for  fatal  injury  involve- 
ments, $310  for  nonfatal  injury  involve- 
ments, and  $50  for  property  damage  only 
involvements. 

Passenger  car  owners  were  involved  in  acci- 
dents within  municipalities  :>',■  times  as  often 
as  in  rural  areas.  For  truck  owners,  the  ratio 
was  1  involvement  in  rural  areas  for  every  5 
involvements  in  municipalities.  Costs  per 
passenger-car  mile  ranged  from  0.6)  of  a  cent 
in  rural  areas  to  1.18  cents  in  municipalities; 
similarly,  costs  per  truck-mile  ranged  from 
0.32  of  a  cent    to  0.42  of  a  cent,  respectively. 
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Comparisons  made  of  accident  frequencies 
and  costs  i>y  major  highway  systems  indicated 

that  roads  and  streets  of  a  local  character  had 
the  least  desirable  rates.  Many  of  the  acci- 
dent- that  took  place  on  residential  streets 
were  relatively  minor  events  but,  when  con- 
sidered in  1he  aggregate,  they  represented  a 
sizable  part  of  the  total  direct  costs  of  traffic 
accidents. 

Sampling  Procedure 

To  attempt  a  study  of  Statewide  vehicle 
owners'  accident  experience  for  a  1-year  period 
dictated  the  use  of  the  sampling  method. 
Two  sources  were  used:  Owners'  accident 
reports  filed  with  the  Illinois  Division  of  High- 
ways, Bureau  of  Traffic;  and  registration  lists 
of  vehicle  owners  published  by  the  office  of  the 
Illinois  Secretary  of  State.  Official  accident, 
reports  filed  with  the  State  during  1958  repre- 
sented the  known  population  of  motor-vehicle 
accidents.  Vehicle  owners  selected  from  regis- 
tration lists  represented  the  unknown  area  in 
determining  accident  and  incident  occurrence. 

The  sampling  unit  used  for  reported  acci- 
dents was  the  license  plate  number  of  a  pri- 
vately owned  passenger  car  or  truck  involved 
in  an  accident.  Reports  on  file  yielded  320,700 
license  numbers  of  Illinois  registered  passenger 
cars  (or  the  equivalent  of  that  number)  in- 
volved in  accidents  and  26,200  trucks.  These 
data  were  available  on  tabulating  cards,  thus 
permitting  the  selection  of  samples  by  machine 
method.  The  cards  were  grouped  according 
to  severity  classes — fatal  injury,  nonfatal 
injury,  and  property  damage  only — and  each 
group  was  systematically  sampled.  Truck 
involvements  were  further  stratified  on  the 
basis  of  two  major  vehicle  types — single  units 
and  truck  combinations. 

To  explore  the  unknown  area  of  accident 
and  incident  occurrence  for  which  no  owners' 
reports  were  on  file  with  the  State,  approxi- 
mately 14,000  license  plate  numbers,  equally 
divided  between  passenger  cars  and  trucks, 
were  selected  from  vehicle  registration  lists. 
Passenger  car  license  plate  numbers  were 
selected  at  random  and  no  consideration  was 
given  to  size  or  weight  of  vehicle;  truck  license 
plate  numbers  were  stratified  on  the  basis  of 
light,  medium,  and  heavy  registered  weights 
and  different  sampling  rates  were  applied 
thereto.  In  Illinois  a  license  plate  remains 
with  the  owner  and  may  be  transferred  to 
another  vehicle  in  the  event  a  vehicle  is  re- 
placed. The  14,000  vehicle  "owners  thus 
selected  were  requested  to  enumerate  their 
total  accident  and  incident  experience  for  1958 
involving  the  vehicle  or  vehicles  bearing  the 
designated  license  plate  number. 

Obviously,  as  owners  selected  from  vehicle 
registration  lists  were  requested  to  give  total 
accident  and  incident  experience,  such  events 
reported  by  owners  had  to  be  checked  against 
the  official  accident  records  of  the  State  to 
eliminate  happenings  that  had  a  chance  of 
being  selected  in  samples  of  officially  reported 
accidents.  Accordingly,  those  events  reported 
by  owners  in  response  to  the  mailed  question- 
naire for  which  a  record  could  be  found  in  the 
State's    files    were   dropped   from   the   study. 


The  remaining  unmatched  groups  of  ac 
dents  and  incidents  were  processed  as  un 
ported  events.  Details  concerning  sampli 
procedures,  rates  of  return,  data  collecti 
and  processing  methods  have  been  descril: 
at  considerable  length  in  a  previous  repJ 
and  need  not  be  repeated  here  (l).3  In  t 
aggregate  the  study  produced  7,184  sam{ 
cases  of  passenger  cars  and  trucks  involved 
an  accident  or  incident. 

Frequent  mention  is  made  throughout  tl 
article  of  the  cost  of  passenger  car  accidents 
opposed  to  the  cost  of  truck  accidents,     a 
though  the  passenger  car  and  truck  phases 
the  study  were  conducted  concurrently,  th 
were  in  effect  two  separate  surveys.    This  a 
proach  was  used  because  the  two  classes 
vehicles  represented   different   universes,   n 
only  from  the  standpoint  of  numbers  of  vel 
cles   registered   and   frequencies   of   acciden 
but  also  from  the  consideration  of  vehicle  ar 
vehicle-use  characteristics. 

Definitions 


In  general,  the  terms  used  throughout  tl 
study  conform  with  the  definitions  given 
the  manual,  Uniform  Definitions  of  Mot\ 
Vehicle  Accidents,  adopted  by  the  Nation 
Conference  on  Uniform  Traffic  Accident  St 
tistics.  To  aid  the  reader,  some  of  the  con 
monly  used  terms  are  defined  here. 

Motor-vehicle  traffic  accident. — Any  accidei 
occurring  on  a  trafficway  (street,  road,  liigl 
way),  causing  death,  injury,  or  property  dan 
age  that  involves  a  motor  vehicle  in  motion 
a  motor-vehicle  traffic  accident. 

Motor-vehicle  nontraffic  accident. — Any  ace 
dent  involving  a  motor  vehicle  in  motion  tin 
occurs  entirely  on  private  property  or  in  an 
place  other  than  a  trafficway  and  causes  deatl 
injury,  or  property  damage  is  a  motor-vehicl 
nontraffic  accident. 

Motor-vehicle  traffic  incident. — Any  incider 
involving  a  motor  vehicle  not  in  motion  ths 
occurs  on  a  trafficway  and  causes  deatl 
injury,  or  property  damage  is  a  motor-vehicl 
incident. 

Motor-vehicle  nontraffic  incident.  Any  un- 
dent involving  a  motor  vehicle  not  in  motid. 
that  occurs  entirely  on  private  property  or  i 
any  other  place  that  is  not  a  trafficway  an 
causes  death,  injury,  or  property  damage  is 
motor-vehicle  nontraffic  incident. 

Involvement. — An  involvement  is  defined  ; 
a  vehicle  involved  in  an  accident.  As  th 
sampling  unit  for  the  study  was  a  license  plat 
number  of  a  vehicle  involved  in  an  accident 
the  cost  data  developed  were  the  accumulatio 
of  costs  surrounding  selected  vehicles  involve 
in  accidents  and/or  incidents.  The  costs  thu 
determined  were  factored  on  the  basis  of  sam 
pie  selection  rates  and  appropriate  adjust 
ments  were  made  for  incompleted  cases.  Tl 
term  involvement  is  a  useful  expression  in  fit 
scribing  the  components  of  an  accident,  tha 
is,  size  and  weight  of  vehicle  involved,  age  o 
vehicle,  age  and  sex  of  driver,  etc. 

Accidents  as  such  were  not  sampled  in  th 
study  because  of  the  procedural  difficulties  in 


3  References  indicated  by  italic  numbers  in  parenthest] 
are  listed  on  page  213. 
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ujiible  1. — Di 
incidents  i 
registered  passenger  ears  and  trneks 


irect     cost 
Illinois, 


>f    accidents     and 
involving    Illinois 


Occident  or  incident  class 


i\ 


Tnillic  accidents 

Nontrallic  accidents 

Traffic  incidents 

Nontraffic  incidents 

TOTAL 


1  Hrect  cost  of  acci- 
dents and  incidents 
involving — 


Passenger 

cars 


1,000 

dollars 
258, 770 

8,514 
15,321 

8,064 

290, 669 


Trucks 


1,000 
dollars 
18,081 

1,951 
(ill) 

2,  174 

22,  816 


3rent  in  sampling  single  vehicle  accidents  and 
lultiple  vehicle  accidents  and  in  tracing  the 
mership  of  vehicles  involved  in  multivehic- 
lar  accidents. 

Scope  of  Study 


As  the  primary  purpose  for  undertaking 
udies  of  this  type  is  to  develop  accident  cost 

ata,  a  discussion  of  cost  concepts  is  necessary, 
he  theory  upon  which  such  studies  are  based, 

B  developed  by  a  committee  of  the  Highway 
Research  Board  in  1949,  may  be  stated  briefly 

Is  those  costs  represented  by  the  money  value 
f  aamages  and  losses  to  persons  and  property, 
loney  spent  by  persons  involved  in  accidents 
my  or  may  not  be  the  same  as  the  monej 
Rile  of  damages  or  losses.  Damage  to 
roperty  may  not  be  repaired  and  losses  may 
ot  be  compensated  for,  but  such  costs  are 
lcluded  in  the  money  value  concept  as  they 
nil  be  realized  in  the  form  of  depreciated 
alue  or  decreased  earnings.  Payment  for 
amages  and  losses  is  not  always  made  by  the 
•ehicle  owner  or  person  injured;  the  driver  or 
wner  of  another  vehicle  may  pay  the  costs; 
nsurance  companies  may  reimburse  in  full  or 
n  part  for  damages;  hospitals,  doctors,  and 
thers  may  furnish  services  and  not  be  com- 
>ensated  fully;  and  courts  may  award  damages 
n  excess  of  or  less  than  actual  costs.  No 
ittempt  has  been  made  here  to  trace  the 
ransfer  of  money  or  to  determine  actual 
imounts  of  money  spent,  except  to  the  extent 
hat  such  expenditures  measure  the  money 
value  of  damages  or  losses  to  persons  and 
property. 

Direct  costs  are  composed  of  the  money 
value  of:  Damage  to  property,  ambulance 
use,  hospital  and  treatment  services,  doctor 
and  dentist  services,  loss  of  use  of  vehicle, 
value  of  work  time  lost,  legal  and  court  fees, 
damage  awards  and  settlements,  and  other 
miscellaneous  items.  The  valuation  of  these 
direct  costs  was  made  on  the  basis  of  informa- 
tion supplied  by  persons  whose  vehicles  were 
involved  in  accidents,  by  persons  who  were 
injured  in  accidents,  relatives  of  injured 
persons,  doctors  and  dentists,  insurance 
agents  and  brokers,  attorneys,  police,  and 
others.  A  detailed  explanation  of  the  differ- 
ent cost  elements  considered  in  the  study  is 
given  in  reference  1. 

Such  items  as  loss  of  future  earnings  of 
persons    killed    or    permanently    injured    in 
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Table  2.— Number  of  vehicles  involved  in  reported   and   unreported   traffic  accidents  in 
Illinois  during  1938,  and  the  total  direct  cost  of  such  accidents 


Vehicle  tj  pe 


Number 

ot  vehicles 

Per- 

involved 

cent  ot 

in  iicci- 

total 

dents 

Total  direct 


Per- 
cent ot 
total 

1    u    1    per 

involve- 
ment 

Involve- 
ments per 

H)  million 
vehicle- 
miles  ' 


Cost 

per 

vehicle- 


PASSENGER  CARS 


Reported  involvements.. 
Unreported  involvements 

total 

Single-unit  trucks: 
Reported  involvements. . 
Unreported  involvements 

Subtotal 

Truck  combinations: 
Reported  involvements. . 
I  imported  involvements 

Subtotal 

All  types  oi  trucks: 
Reported  involvements.  . 
Unreported  involvements 

TOTAL 


317,  100 
1,000,600 

1,317,700 


24.1 
75.9 


100.  0 


$149,  lies,  Olio 
Li  9    i72, 000 


258.770,(101) 


57.  7 
12.3 

$471 
Hi) 

100.0 

L96 

119 
374 


493 


0.56 
.41 


20,600 
89,  100 

109,700 


1,500 
13,900 


18,  LOO 


25,  loo 

103.  001) 


128,  100 


18.8 
81.2 


100.0 


24.5 


19.6 

SI).  4 


100.0 


$5,818,000 

7  607  

43.3 

$282 
85 

13.  425,  000 

100.0 

122 

2,  367,  000 
2,  289,  000 

50.  8 

to  _• 

165 

4,  056,  000 

100.0 

253 

8,  185, ) 

9,896,000 

45.3 
54.7 

326 
96 

18,081,000 

100.  0 

141 

50 
216 

0.14 
.19 

266 

.33 

54 

167 

0.28 
.28 

221 

.56 

51 

207 

0.16 
.20 

258 


1  Travel  of  Illinois  registered  vehicles:  Passenger  cars,  26,748,000,000  vehicle-miles;  single-unit  trucks  4,124  000  000  vehicle- 
miles;  and  truck  combinations,  832,000,000  vehicle-miles. 

-  Fraction  of  one  cent. 


accidents  were  excluded  from  the  direct  cost 
phase  of  the  study,  except  to  the  extent  that 
damage  awards  or  settlements  made  either  in 
or  out  of  court  might  have  compensated  for 
such  losses.  Expenditures  also  excluded  from 
the  direct  cost  phase  of  the  study  were  those 
made  by  public  and  private  agencies  in  the 
interest  of  accident  prevention  or  to  mitigate 
the  economic  burden  of  accidents  and  the 
overhead  cost  of  automobile  and  certain 
other  types  of  insurance. 


The  summary  in  table  1  provides  an  overall 
perspective  of  total  direct  costs  of  accidents 
and  incidents  that  occurred  in  Illinois  during 
1958,  as  determined  in  this  study.  Upon 
adding  the  cost  out-of-State  accidents  and 
incidents  of  Illinois  vehicles  to  the  above 
data,  total  direct  costs  would  be  as  follows: 
Passenger  cars.  $:i()9.o  million;  and  trucks, 
$29.3  million.  The  costs  thus  determined  in 
the  study  amounted  to  one-third  of  a  billion 
dollars,  or  an  average  of  $928,000  per  day. 
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Figure  1. — Cumulative  percentage  distribution  of  reported  and 
unreported  traffic  accident  involvements,  plotted  in  $100 
direct-cost  intervals. 
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able  3. — Number  of  Illinois  registered 
vehicles  in  use  during  1958,  and  average 
annual  in-State  travel  per  vehicle 


Vehicle  type 

Vehicles 
in  use 

Average 
annual 

1 1  ivel 

2, 876, 000 

194,  100 

153,800 

6,600 

354, 800 

12,000 

11,300 
23,  300 

9,300 

11,960 

10,  900 
19,  140 
11,020 

24,  850 
47,  340 
35,740 

Single-unil  ti  m  k 

Panels  and  pickups  

All  single  unit  trucks 

Ti  uck  i  om 

3-axle  tractor  semitrailers 

Other  truck  combinations... 

In  order  to  avoid  possible  misconceptions, 
the  fact  is  emphasized  that  the  data  do  not 
include  the  cost  of  all  accidents  occurring  on 
Illinois  highways.  Only  direct  costs  to 
persons  and  property  associated  with  acci- 
dents or  incidents  involving  privately  owned 
Illinois  registered  passenger  cars  and  trucks 
have  been  included.  Specifically,  the  data 
are  representative  of  the  costs  incurred  by 
owners  and  occupants  of  Illinois  passenger 
cars  and  trucks,  pedestrians,  and  other  non- 
motorists  involved  in  such  accidents.  Direct 
costs  excluded  from  the  study  were  those  to 
persons  and  property  associated  with  acci- 
dents that  involved:  (1)  Out-of-State  regis- 
tered motor  vehicles  of  all  types,  (2)  publicly 
owned  motor  vehicles  of  all  types,  and  (3) 
Illinois  registered  buses,  motorcycles,  motor- 
ized bicycles  and  scooters,  and  any  special 
purpose  vehicles.  Costs  incurred  by  owners 
and  occupants  of  these  three  categories  of 
vehicles  have  been  excluded  even  though  such 
vehicles  may  have  been  involved  in  an  acci- 
dent with  a  privately  owned  Illinois  passenger 
car  or  truck. 

Although  the  study  encompassed  total 
accident  and  incident  experience  of  Illinois 
passenger  car  and  truck  owners,  regardless  of 
whether  the  events  occurred  on  or  off  the  high- 
way or  in  or  out  of  State,  subsequent  discus- 
sion in  this  article  is  restricted  to  traffic 
accidents  occurring  on  Illinois  highways  and 
.-i  reets. 


Table  4. — Distribution  of  Illinois  registered 
vehicles  involved  in  traffic  accidents  and 
the  corresponding  direct  costs,  by  severity 
of  accident 


Severity  ol  accident 

Distribution  of  accident 
involvements  and  costs 

Percent  of 
vehicles 

involved 

Percent  of 
cost 

Passenger  cars: 
Fatal  injury 

0.1 
12.5 
87.4 

100.0 

0.  2 

7.11 
92.  2 

100.0 

3.1 

52.  2 
41.7 

100.  0 

0.7 
37.  J 
56.1 

100.0 

Nonfatal  injury 

Propel  tj  damage  onlv 

Trucks: 

Fatal  injui  >■      .     

Nonfatal  injur j 

Propi  I                    only 

TOTAL 

Table  5. — Number  of  traffic  accident  involvements  in  Illinois  involving  vehicles  of  I  Hum 
registry,  1958,  classified  by  severity  of  accident  and  cost  elements  incurred 


Cost  element 


Number  of  involvements  having: 

Damage  to  vehicle -. 

Damage  to  property  in  vehicle. 

1 1  anage  to  objects  struck  by 
vehicle 

Miscellaneous  property  damage. 
Involvements  having  one  or 
more  property  damage  cost 
elements __ 

Ambulance  costs 

Doctor  and  dentist  fees 

Hospital  and  treatment  costs.. 

Miscellaneous  injury  costs 

Involvements  having  one  or 
more  injury  cost  elements- . . 

Loss  of  use  of  vehicle  costs 

Value  of  time  lost  from  work  - . 

Legal  and  court  costs. .  _ 

Damage  awards  in  excess  of 
known  costs 

summarv: 

Involvements  having  one  or 

more  direct  cost  elements 

Involvements     incurring    no 

costs.. 

Total  involvements 


Passenger  car  accidents 


Fatal 
injury 


1,391 
75 

85 
28 


1,391 

025 
903 
940 
334 

1,067 

43 

653 

734 

705 

1,532 

28 

1,560 


Nonfatal 
injury 


142. 824 
2,708 


2,067 
3,450 


143, 259 

7,224 
84, 104 
lit.  iss 

6,885 

94,  703 

6,473 

77,  368 

37, 296 

48, 810 

155, 057 

9,534 

164, 591 


Property 

damage 

only 


990, 672 
12,  929 

17,  252 
5.  263 


1,000,539 


23,  037 
22, 817 
10, 108 

9,227 

1,  003, 041 

148,  466 

1, 151,  507 


Total 


1,134.887 
15,712 


19,  404 
8,741 


1, 145, 189 

7,849 
85,11117 
65,  128 

7,219 

95,  770 
29, 553 
100, 838 
48, 138 

58,  742 


1,159,630 

158, 028 

1,317,658 


Truck  accidents 


Fatal 
injury 


189 
44 


193 

55 
105 
93 

27 

119 
55 
94 
90 

109 

232 

5 

237 


Nonfatal 
injury 


6.001 
384 


195 
137 


6,087 

761 
2,  827 

2,  089 
261 

2,967 

780 
2,428 
1,342 

1,130 

6,718 
2,955 
9,673 


Property 

damage 

only 


66,  639 

2, 158 


3,  295 

I,  iss 


68.  539 


5,796 
3,612 

644 

96 


48.  293 
118,175 


Total 


72,  829 
2,586 

3,508 
1,652 


74,  819 

816 
2.  932 
2.  182 

288 

3,086 
6,631 
0.134 
2,076 

1,335 

76, 832 
51, 253 
128, 085 


Reported   and    Unreported   Accident 
Involvements 

Data  included  in  table  2  show  the  relation- 
ship of  reported  and  unreported  accident 
involvements  and  the  corresponding  costs. 
An  unreported  involvement  refers  to  an  event 
for  which  no  record  of  an  owner's  report  could 
be  found  in  the  accident  report  files  maintained 
by  the  Illinois  Division  of  Highways.  Several 
factors  could  account  for  this,  but  the  princi- 
pal one  would  be  that  property  damage  costs 
were  less  than  the  legal  reporting  minimum. 
If  the  accident  were  of  the  reportable  category 
and  no  record  could  be  found,  one  of  the 
following  conditions  might  apply:  The  owner 
may  have  reported  the  accident  to  local 
authorities  but  not  to  the  State;  the  owner 
may  have  failed  to  report  the  happening  to 
any  governmental  authority;  or  through  error 
the  accident  report  may  have  been  overlooked 
in  the  search  of  the  State's  accident  files. 
Every  effort  was  made  to  prevent  the  latter 
possibility  through  a  careful  review  of  all 
reportable  accidents. 

Approximately  1.3  million  Illinois  passenger 
cars  of  private  ownership  were  involved  in 
traffic  accidents  on  Illinois  roads  and  streets 
during  1958.  Direct  costs  of  these  accidents 
amounted  to  $258.8  million  or  an  average  of 
$196  per  passenger  car  involved.  Totals  in- 
clude all  degrees  of  severity — fatal,  nonfatal, 
and  property-damage-only  accidents.  Three- 
fourths  of  these  events  were  not  officially 
reported  to  the  Illinois  Division  of  Highways, 
and  in  the  aggregate  they  accounted  for  more 
than  two-fifths  of  the  total  cost.  The  mean 
value  for  unreported  passenger  car  involve- 
ments was  $110  and  the  median  value  was  $50. 
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Approximately  128,000  trucks  were 
volved  in  accidents  costing  $18.1  million,  c 
an  average  of  $141  for  each  event.  Una 
ported  involvements  accounted  for  four-fiftl 
of  the  number  and  more  than  one-half  of  tl| 
total  cost.  The  mean  and  median  values  frj 
unreported  truck  involvements  were  $96  anj 
$20,  respectively. 

It  should  not  be  construed  that  all  unr« 
ported  involvements  in  which  costs  exceedej 
$100  were  in  violation  of  the  reporting  lal 
The  cost  values  include  elements  that  do  no 
enter  into  the  legal  reporting  requirement  (| 
damage  to  property.  For  example,  sue) 
elements  as  time  lost  from  work  or  loss  <| 
use  of  vehicle  are  included  when  applicab 
in  the  cost  values  shown  in  table  2. 

The  cost  distribution  of  reported  and  uj 
reported  involvements  is  illustrated  in  figui 
1.  It  is  clearly  evident  that  a  very  hig 
proportion  of  unreported  involvements  wei 
relatively  minor  events.  Ninety-two  percei 
of  these  unreported  events  cost  less  than  $3C 
each.  The  same  percentage  for  officiall 
reported  involvements  indicated  costs  of  le; 
than  $1,000. 

Accident  Exposure 

Accident  involvement  rates  for  passeng* 
cars  calculated  on  the  basis  of  10  millio 
vehicle-miles  of  travel,  as  shown  in  table 
were  nearly  twice  those  for  trucks,  and  ti 
cost  of  accidents  per  vehicle-mile  of  trav 
approached  1  cent  for  passenger  cars,  2 
times  the  rate  for  trucks.  When  trucks  wei 
considered  on  the  basis  of  single  units  an 
combinations,  the  data  showed  a  lower  ii 
volvement  rate  for  combinations  but  a  high 
cost  per  vehicle-mile.     This  relationship  cou 
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igjcally  be  expected  as  most  operators  of 
uck  combinations  would  be  more  experienced 
id  skillful  drivers.  Vehicle  and  vehicle-use 
laracteristics  should  also  be  considered  in 
ich  a  comparison.  On  the  other  hand, 
hen  the  heavy  units  were  involved  in  acci- 
ents,  they  tended  to  be  more  severe  and 
ostly,  particularly  when  cargo  damage  was 
lvolved.  Among  the  single-unit  trucks, 
anels  and  pickups  accounted  for  55  percent 
f  the  vehicles  in  use,  56  percent  of  the  travel, 
nd  53  percent  of  the  single-unit  vehicles 
ivolved  in  accidents.  These  two  truck  types 
re  often  used  for  personal  transportation, 
nd  in  many  respects  their  operation  is  similar 
d  that  of  passenger  cars. 

Privately  owned  Illinois  vehicles  registered 
nd  in  use  during  1958  and  their  average 
nnual  in-State  travel  per  vehicle  (2)  are 
hown  in  table  3.  In  relating  vehicles  in  use 
the  number  of  vehicles  involved  in  ac- 
idents,  it  was  found  that  the  probability  of  a 
assenger  car  being  involved  in  a  traffic  acci- 
lent  was  once  in  26  months;  for  single-unit 
rucks,  once  in  39  months;  and  for  truck 
ombinations,  once  in  15  months.  Exposure 
o  accidents,  based  on  average  annual  travel, 
/as  three  times  greater  for  truck  combinations 
-  han  for  single-unit  trucks,  and  nearly  four 
imes  greater  than  for  passenger  cars. 

Direct  Cost  Elements 

The  cost  elements  that  make  up  the  total 
:ost  figures  shown  in  table  2  are  shown  in 
considerable  detail  in  tables  5-7.  The  relative 
lumber  and  cost  of  each  of  the  three  severity 
•lasses  of  accidents  are  shown  in  table  4. 
^t  is  evident  that  fatal  injury  involvements 
ccounted  for  a  small  proportion  of  the  num- 
)er  and  cost  of  accidents.  Also,  nonfatal 
njury  accidents  involving  passenger  cars 
•epresented  a  considerably  higher  proportion 
)f  the  total  costs  than  similar  events  involving 
;rucks.  Injuries  to  passengers  would  largely 
iccount  for  this  difference.  Trucks  normally 
aa\ ■(■  only  one  occupant,  the  driver. 

As  mentioned  earlier,  the  cost  data  do  not 
include  values  for  the  loss  of  future  earnings 
of  persons  killed  or  permanently  injured,  ex- 
cept to  the  extent  that  awards  or  settlements 
may  measure  this  loss.  Awards  or  settle- 
ments are  based  primarily  on  the  fault  concept, 
and  thus  the  victim  or  survivors  may  not  have 
recourse  to  recover  losses  caused  by  death  or 
II  injury.  This  situation  would  apply  partic- 
ularly to  single  vehicle  accidents. 

Passenger  car  and  truck  involvements  that 
occasioned  no  costs  (or  less  than  $5.00)  were 
very  numerous  as  indicated  in  table  5.  A 
comparison  of  such  events  is  shown  in  table  8. 
The  finding  that  approximately  2  percent  of 
the  fatal  injury  involvements  were  of  the 
no  cost  category  might  appear  unreasonably 
high  at  the  outset.  A  typical  case  would  be 
a  passenger  car  or  truck  colliding  with  a 
pedestrian.  Assume  that  the  pedestrian  was 
at  fault,  that  the  victim  died  instantly,  that 
the  vehicle  was  not  damaged,  that  no  time 
was  lost  from  work  by  the  vehicle  owner  or 
driver,  and  that  a  police  vehicle  was  used  to 
remove  the   victim  from  the   scene.     Under 


Table  6. — Direct  cost  of  traffic  accidents  in  Illinois  involving  vehicles  of  Illinois  registry, 
1958,  classified  by  severity  of  accident  and  cost  elements  incurred 


Cost  element 


Property  damage: 

Damage  to  vehicle 

Damage  to  property  in 

vehicle. 

Damage       to       objects 

struck  by  vehicle 

Miscellaneous  property 

damage 

Subtotal.. _ 

Treatment  of  injuries: 

Ambulance  costs 

Doctor  and  dentist  fees.. 
Hospital  and  treatment 

costs. 

Miscellaneous       injury 

costs 

Subtotal 

Loss  of  use  of  vehicle  costs 

Value  of  time  lost  from 
work. 

Legal  and  court  costs 

Damage  awards  in  excess 
of  known  costs 

TOTAL  COST 


Direct  cost  of  passenger  car  accidents 


Fatal 
injury 


$1, 196, 385 

8,225 

23,  218 

84(: 

1,  228, 674 

19,31 
354, 709 

686, 858 

29, 845 

1, 090,  729 

10. 152 

636, 239 

1,  557, 909 

3, 372,  203 

7,  895,  906 


Nonfatal 
injury 


$41, 368,  456 

160, 670 

400,  368 

69, 548 

42,005,042 

173,300 
10,  304,  366 

9,415,140 

318, 974 

20,211,780 

666,  718 

17,  274,  842 
23,301,020 

31,  655,  984 
135,115,386 


$109, 795, 996 

645, 458 

1,  688, 634 

142, 302 

112,272,390 


Property 

damage 

only 


1,013,342 

846, 022 
1,091,790 

534, 784 
115,  758, 328 


Total 


$152, 31  i 

814, 353 

2,118,220 

212,096 

155,506,106 

192.017 
10,  659,  075 

10,101,998 

348, 819 

21.302,509 

1,690,212 

18, 757, 103 
25,950,719 

35,  562, 971 
258,  769,  620 


Direct  cost  of  truck  accidents 


Fatal 
injury 


$270, 836 
38,  222 

2,  368 

1,761 

313,  1ST 

1,49.-. 
25,  325 

32, 178 

1,246 

60,  244 

61, 697 


Nonfatal 
injury 


Property 

damage 

only 


$2, 191, 845 

80, 001 

164, 805 

6,095 

'   'i  !,746 

17,234 
615,569 

339,  57 

11,395 
983,  77f 
236, 266 


$7, 642, 290 
171,903 

704, 232 

17,  267 

8,  535,  692 


63,436    1,688,287 
146,  509        542,  818 


570,  297 
1,215,370 


830,  934 
6,  724, 82' 


1,446, 


Total 


$10,104,971 

290, 126 

871,  405 

25, 123 

11,291,625 

18, 729 
640,  894 

371,756 

12, 641 

1, 044, 020 

1,744,953 


129,  008      1,  880,  731 
717,383 


1,301 
10,141,047 


1,402,532 
18,  081,  244 


the  conditions  just  outlined,  no  costs  would 
be  assessed  for  this  accident  within  the  scope 
of  the  direct  cost  phase  of  the  study.  Funeral 
costs  are  not  considered  as  an  element  of  cost 
in  connection  with  a  motor-vehicle  accident. 
Such  costs  are  inevitable;  an  accident  merely 
fixes  the  time  when  they  are  incurred. 


Another  example  of  a  no  cost  involvement 
applies  to  a  multiple  vehicle  accident.  In  a 
two-car  collision,  one  vehicle  might  be  dam- 
aged and  the  bumper  of  the  other  vehicle 
absorbs  the  shock.  Under  the  sampling  pro- 
cedure used  in  the  study,  either  vehicle  or 
both  might  be  selected.     A  large  proportion 


Table  7. — Mean  values  for  cost  elements  incurred"  in   Illinois  traffic  accidents  involving 
vehicles    of   Illinois    registry,    classified    by    severity    of   accident 


Cost  element 


Property  damage: 
Damage  to  vehicle 

Damage  to  property  in  vehicle 

Damage    to    objects    struck    by 
vehicle 

Miscellaneous  property  damage... 
Mean   cost   value   for   involve- 
ments in  which  one  or  more 
property    damage    cost    ele- 
ments were  incurred 


Treatment  of  injuries: 

Ambulance  costs 

Doctor  and  dentist  fees 

Hospital  and  treatment  costs 

Miscellaneous  injury  costs 

Mean  cost  value  for  involve- 
ments in  which  one  or  more 
injury  cost  elements  were 
incurred 


Mean  cost  values  for  each  element  of  cost  incurred  in- 


Passenger  car  traffic  accidents 


Fatal 
injury 


Loss  of  use  of  vehicle  costs — 
Value  of  time  lost  from  work. 


Legal  and  court  costs. 

Damages    awards     in     excess     of 
known  costs 


Mean  cost  value  for  involve- 
ment in  which  one  or  more  cost 
elements  were  incurred 


110 


273 
30 


ss:t 


31 
393 
731 


1,022 
236 
974 

2,122 

4,783 
5,154 


Nonfatal 
injury 


$290 
59 

197 
20 


293 


24 
123 
147 

46 


213 
103 
223 
625 

649 
871 


Property 

damage 

only 


$111 
50 


27 


44 
37 
108 

58 
115 


All 
severity 
classes 


$134 
52 


109 
24 


136 


25 
125 
155 

48 


222 

57 

186 

539 

605 
223 


Truck  traffic  accidents 


Fatal 
injury 


$1,  433 
869 

132 
65 


1,623 


27 
241 
346 

46 


506 
1,122 

675 
1,628 

5,232 
5,239 


Nonfatal 
injury 


$365 
208 


845 
44 


401 


23 

218 
163 
44 


332 

303 
695 

404 

735 
1,001 


Property 

damage 

only 


$115 
80 


214 
12 


125 


250 
36 
44 


145 


All 

severity 
classes 


$139 
112 


248 
15 


151 


23 
219 
170 

44 


338 
263 

307 
346 

1,051 
235 
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Tabic     8.— Traffic    accident     involvements,       Table    ').—  Samples    sizes    compared    with 
in  whicb  no  costs  were  incurred,  related  expanded     number     of    traffic     accident 

to  sever  it)  of  involvements  involvements 


Sevei  itj  ol  accident 

No  cosl  involvemenl  - 

'Mi    a  severity 

classes 

Passe 

cars 

Trucks 

Percent 
1.8 

5.  7 

12.  9 

12.  0 

Percent 

2.  1 

30  .', 
40.  9 
40.  0 

Properl  v  damage  only . 

Severity  of  accidenl 

Number  of 
involve- 
ments 

Number  of 

sample 

eases 

I    ears: 

1,560 
164,591 

1,151,507 

1,317.058 

237 

9,673 

US.  175 

128,  085 

332 
1,761 
1,290 

3,383 

200 
1,270 
1,556 

3,026 

Propertj  damage  only 

Trucks: 

Nonfatal  injury 

Properl  y  damage  only 

ALL 
TRAFFIC   ACCIDENTS 


FATAL  INJURY 
TRAFFIC  ACCIDENTS 


NONFATAL  INJURY 
TRAFFIC  ACCIDENTS 


PROPERTY     DAMAGE 

ONLY 
TRAFFIC  ACCIDENTS 


PROPERTY    DAMAGE 
EXCESS    DAMAGE   AWARDS 
AND   SETTLEMENTS 
LEGAL  AND  COURT  FEES 
TREATMENT  OF  INJURIES 
VALUE  OF  TIME  LOST 
LOSS  OF  USE  OF  VEHICLE 

"PROPERTY  DAMAGE 
EXCESS    DAMAGE    AWARDS 
AND    SETTLEMENTS 
LEGAL  AND  COURT  FEES 

TREATMENT  OF  INJURIES 
VALUE  OF  TIME  LOST 
LOSS  OF  USE   OF  VEHICLE 

PROPERTY   DAMAGE 
EXCESS   DAMAGE    AWARDS 
AND    SETTLEMENTS 
LEGAL  AND  COURT  FEES 

TREATMENT  OF  INJURIES 
VALUE  OF  TIME  LOST 
LOSS  OF  USE  OFVEHICLE 

PROPERTY   DAMAGE 
EXCESS    DAMAGE    AWARDS 
AND   SETTLEMENTS 
LEGAL  AND  COURT  FEES    tj 


VALUE  OF  TIME  LOST 
J.OSS  OF  USE   OF  VEHICLE     | 


30  40  50  60  70 

PERCENT  OF  TOTAL    DIRECT  COST 


Figure  2. — Percentage  distribution  of  the  direct  costs  of  passenger  car  traffic  accidents,  by 

cost  element. 


ALL 
TRAFFIC    ACCIDENTS 


FATAL  INJURY 
TRAFFIC  ACCIDENTS 


NONFATAL  INJURY 
TRAFFIC  ACCIDENTS 


PROPERTY      DAMAGE 

ONLY 
TRAFFIC  ACCIDENTS 


PROPERTY   DAMAGE 
EXCESS    DAMAGE   AWARDS 
AND   SETTLEMENTS 
LEGAL  AND  COURT  FEES 

TREATMENT   OF  INJURIES 
VALUE  OF  TIME  LOST 
LOSS  OF  USE  OF  VEHICLE 

PROPERTY   DAMAGE 
EXCESS    DAMAGE    AWARDS 
AND    SETTLEMENTS 
LEGAL  AND  COURT  FEES 

TREATMENT  OF  INJURIES 
VALUE  OF  TIME  LOST 
LOSS  OF  USE  OFVEHICLE 

"property  DAMAGE 

EXCESS   DAMAGE    AWARDS 
AND    SETTLEMENTS 
LEGAL   AND  COURT  FEES 

TREATMENT   OF  INJURIES 
VALUE  OF  TIME  LOST 
J.OSSOFUSE  OFVEHICLE 

PROPERTY   DAMAGE 

LEGAL  AND  COURT  FEES 

VALUE  OF  TIME  LOST 
LOSS  OF  USE  OF  VEHICLE 


30  40  50  60  70 

PERCENT  OF  TOTAL    DIRECT  COST 


Figure  3. — Percentage  distribution  of  the  direct  costs  of  truck  traffic  accidents,  by  cost 

element. 
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of  the  no  cost  involvements  were  of  the  unrd 
ported  accident  category,  as  illustrated  i 
figure  1.  Trucks,  in  particular,  were  involve 
in  a  number  of  nonfatal  injury  and  propert 
damage  only  accidents  in  which  no  costs  wer 
incurred  by  the  owner  or  occupants  ol  th 
vehicle  selected.  This  situation  is  explains 
partially  by  the  fact  that  most  truck  accident 
involved  collisions  with  passenger  cars.  Con 
ditions  acting  in  favor  of  trucks  from  the  cosl 
standpoint  were  the  lower  occupancy  rat 
(persons  per  vehicle)  and  vehicle  capabilii 
to  withstand  impact.  The  severity  classifica 
tion  is  determined  by  the  accident  and  no 
by  what  takes  place  in  one  of  the  vehicle 
involved. 

In  a  study  based  upon  sampling  techniques 
it  is  obvious  that  the  greater  the  detail  pro 
vided  in  tabular  form  the  greater  the  chanl 
of  exceeding  the  built-in  limitations  of  sampl 
size.  As  an  indication  of  the  strength  of  th 
data  reported  in  tables  5-7,  a  comparison  o 
sample  sizes  and  expanded  totals  is  provider 
in  table  9. 

The  total  cost  figure  of  $258.8  million  fo;i 
passenger  car  accidents,  reported  in  table  6| 
is  based  upon  3,383  completed  sample  cases 
and  the  amount  of  $18.1  million  for  trucks  it 
based  upon  3,026  cases.  The  ratios  of  sampW 
cases  to  the  expanded  number  of  involvement 
do  not  reflect  the  sampling  rates  as  originalli 
selected.  As  mentioned  earlier,  two  samplinj 
sources  were  used — official  accident  report. 
and  registration  lists — and  different  sampling 
rates  applied.  A  full  description  of  sampling 
procedures  is  given  in  reference  1. 

Cost  data  shown  in  table  6  are  furthei 
illustrated  in  figures  2  and  3.  The  top  set  o 
bars  in  figure  2,  arranged  in  order  of  magni 
tude,  shows  the  distribution  of  the  acciden 
dollar.  Property  damage  accounted  for  6( 
percent  (60  cents  of  the  accident  dollar)  o 
he  total  cost  of  all  passenger  car  traffii 
accidents,  and  62  percent  of  all  truck  traffic 
accidents  (fig.  3).  Trea  merit  of  injuries 
legal  and  court  fees,  and  excess  damagf 
awards  and  settlements  accounted  for  a  Iarg<  i 
proportion  of  the  total  cost  of  passenger  cai 
accidents  than  for  trucks.  On  the  other  hand 
costs  related  to  time  loss  and  loss  of  use  ol 
vehicle  represented  a  larger  proportion  of  t  li 
total  cost  for  trucks  than  for  passenger  can 
The  cost  element  "loss  of  use  of  vehicle"  i 
not  too  significant  in  the  case  of  passenger  caj 
owners  because  in  most  cases  the  use  of  th. 
vehicle  is  not  essential  in  earning  a  livelihood 
The  latter  criterion  is  used  in  determining 
such  costs. 

For  truck  owners,  and  particularly  fleet 
operators,  no  loss  of  use  of  vehicle  costs  have 
been  included  when  standby  equipment  waj 
available  to  replace  the  damaged  vehicle 
Only  a  part  of  the  cost  of  maintaining  standbj 
equipment  could  properly  be  charged  tc 
motor-vehicle  accidents  as  standby  vehicles 
are  brought  into  service  for  purposes  othei 
than  accidents;  such  as,  peak  operations 
maintenance  of  equipment,  etc.  The  pro- 
rata share  of  the  overhead  cost  of  maintaining 
standby  equipment  to  be  charged  to  accident 
would  be  included  in  the  indirect  cost  phase 
of  accident  cost  studies. 
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Damage  awards  and  settlements  in  excess 
>f  known  costs  represented  the  greatest  part 
if  the  accident  dollar  for  both  passenger  car 
md  truck  fatal  injury  accidents.  In  deter- 
mining excess  awards  and  settlements,  com- 
pensation received  by  each  injured  person  or 
iurvivor  and  by  each  vehicle  owner  was  con- 
sidered on  an  individual  basis.  Pa}ments 
i  -eceived  by  the  injured  person  or  vehicle  owner 
rom  his  own  insurance  company  were  not 
jonsidered  as  awards  or  settlements,  as  such 
payments  would  simply  represent  a  return 
ipf  capital.  Damage  awards  and  settlements 
nclude  payments  made  by  the  other  party, 
presumably  the  one  found  liable.  Lump-sum 
payments  under  workmen's  compensation 
isvere  included  also. 

In  the  case  of  an  injured  person,  known  costs 
jf  ambulance  use,  hospitalization,  doctor  and 
dentist  fees,  time  loss,  legal  fees,  etc.,  were 
deducted  from  the  award  or  settlement,  and 
any  surplus  represented  reimbursement  for 
eosts  that  could  not  be  classified.  A  vehicle 
j  jwner  may  also  receive  a  settlement  for  dam- 
age to  his  vehicle,  other  property,  time  loss, 
loss  of  use  of  vehicle,  etc.,  and  the  settlement 
may  exceed  the  known  costs.  The  surplus 
again  was  treated  as  an  unclassified  cost. 
In  the  study  procedure,  awards  and  out-of- 
couit  settlements  were  recorded  in  total, 
regardless  of  whether  the  amounts  were  less 
than,  equal  to,  or  greater  than  the  actual 
money  value  of  damages  and  losses.  Ob- 
viously, the  total  amount  of  an  award  or 
settlement  could  not  be  added  to  the  pre- 
viously determined  money  value  of  damages 
and  losses  as  this  procedure  would  duplicate 
all  or  part  of  the  costs.  For  this  reason, 
the  amount  of  damage  awards  and  settlements 
was  ascertained,  but  only  the  part  that  was 
in  excess  of  the  value  of  damages  and  losses 
was  included  in  the  cost  of  accidents.  Such 
excess  awards  or  settlements  could  represent 
compensation  for  pain  and  suffering,  loss  of 
future  earnings  of  persons  killed  or  per- 
manently injured,  future  medical  expenses, 
and  other  indeterminable  costs. 


Mean  values  for  each  element  of  cost 
incurred  in  passenger  car  and  truck  accidents, 
as  reported  in  table  7,  were  heavily  influenced 
by  high  cost  accidents.  Median  values  for 
each  cost  element  would  be  substantially 
lower  than  the  values  reported.  The  positive 
skewness  of  the  cost  curves  for  each  of  the 
severity  classes  of  accidents  is  illustrated  later. 

The  final  entry  in  table  7  indicates  the 
average  costs  of  accident  involvements  in 
which  one  or  more  cost  elements  were  incurred. 
Truck  involvements  for  each  severity  class 
averaged  higher  costs  than  was  the  case  for 
passenger  cars.  Costs  sustained  in  traffic 
accidents  of  all  severity  classes  averaged  $223 


for  passenger  car  involvements  and  $235  for 
truck  involvements.  After  including  involve- 
ments in  which  no  costs  were  incurred,  as 
reported  in  table  5,  the  averages  dropped  to 
$196  and  $141,  respectively. 

Skewness    of    Cost    Distribution 

The  difficulties  of  sampling  the  universe  of 
traffic  accident  involvements  for  the  purpose 
of  determining  cost  data  are  apparent  after 
viewing  the  cumulative  percentage  curves  in 
figures  4-7.  Findings  of  the  study  show  a 
range  of  costs  per  vehicle  involvement  from 
zero  (or  less  than  $5)  to  $136,800.     Figure  4 


Table  10.— Number  of  vehicles  involved  in  traffic  accidents  and  the  direct  costs  of  such 
accidents,  classified  by  vehicle  type  and  accident  location 


OS 


Vehicle  type 


Rural  areas 


Municipality  populations 


Under 
5,000 


5,000— 
24,999 


■j;,,iiiiii 
125,000 


1,000,000 
and  over 


All  munici- 
palities 


NUMBER  OF  VEHICLES  INVOLVED  IN  TRAFFIC  ACCIDENTS 


Passenger  cars 

Trucks: 

Single-unit: 

Panels  and  pickups. 

Other  single-unit  trucks. 
All  single-unit  trucks.. 


Truck  combinations. . 
Unknown  truck  type. 


AU  single-unit   trucks  and   truck 
combinations 


190, 975 

9,376 
13, 172 
22, 548 

3,781 

487 

26,  816 


77,  463 


7,539 
2,345 
9,884 

1,049 


H'.'.l.'Ci 


234, 189 

6,663 
5,806 

12,  469 

1,797 
102 

14, 368 


3II2..S2S 


11,412 
9,  985 
21,397 

3,220 

493 


512,203 

22, 095 
19,  789 

41,  884 

8,506 
168 

50, 858 


1, 126,  683 

47,  709 
37,  925 
85,  634 

14,572 

1,063 

101,269 


DIRECT  COST  OF  TRAFFIC  ACCIDENTS 


Passenger  cars 

Trucks: 
Single-unit: 

Panels  and  pickups. 

Other  single-unit  trucks. 
All  single-unit  trucks.. 


Truck  combinations.. 
Unknown  truck  type 


All   single-unit   trucks  and   truck 
combinations 


$00,981,882 


4, 046, 099 
2,991,158 
7,  037,  257 

2, 059, 289 

9,963 


9, 106, 509 


$11,324,294 


552, 199 
291,  468 
843,  667 

522, 112 


1,  365,  779 


$29,  745,  538 

507, 201 
305, 192 
812,393 

516,291 

3,057 

1,331,741 


$45, 289,  744 

1,025 

832 

1,858 

711 
470 
181 

347 

532 

40 

528 

2, 246, 241 

$111,428,162 

1,  494. 471 
1,309,983 

2,804,454 

1,211,188 
15, 332 

4,  030,  974 


$197,  787,  738 

8 
2,739.113 
6,  318,  695 

2, 597, 123 

58, 917 

8,974.735 
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Figure  7. — Cumulative  percentage  distribution  of  passenger  car  and  truck 
traffic  accident  involvements  and  aggregate  costs,  plotted  in  $100 
direct-cost  intervals. 


illustrates  the  case  in  point.  Ninety  percent 
of  the  fatal  injury  passenger  car  involvements 
fell  within  the  cost  range  of  $11,600  or  less; 
a  similar  percentage  for  trucks  indicated  a 
range  of  $13,200  or  less.  The  remaining  10 
percent  of  the  fatal  injury  passenger  car 
involvements  accounted  for  48  percent  of  the 
total   direct  costs  of  fatal  injury  accidents. 
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For  trucks,  the  same  proportionate  group 
accounted  for  45  percent  of  the  total  direct 
costs  of  fatal  injury  accidents.  The  extreme 
plotting  interval  in  figure  4  of  $28,000  and 
over  was  representative  of  only  \%  percent 
of  the  total  fatal  injury  involvements  for  both 
passenger  cars  and  trucks,  and  yet  this  remote 
class  accounted  for  nearly  19  percent  of  the 


costs  of  fatal  injury  passenger  car  accident 
and  nearly  12  percent  of  the  total  in  thi 
case  of  trucks. 

The  cumulative  percentage  curves  for  non  t 
fatal  injury  accident  involvements  are  illus 
trated  in  figure  5.  Again  the  extreme  plottin 
interval  of  $6,000  and  over  was  representativ 
of  Vyi  percent  of  both  passenger  car  and  true] 
nonfatal  injury  involvements.  This  group 
however,  accounted  for  26  percent  of  the  tota 
cost  of  nonfatal  injury  passenger  car  involve 
ments  and  22  percent  of  the  total  in  the  cas 
of  trucks. 

As  would  be  expected,  the  range  in  costs  o 
property  damage  only  involvements  was  les 
extreme  than  was  found  for  fatal  and  nonfata 
injury  involvements.  There  are  exceptiona 
cases  though.  A  heavily  damaged  passenge 
car  usually  causes  injury  to  the  driver  or 
passenger.  Trucks,  on  the  other  hand,  ma 
run  off  the  highway,  overturn,  and  caus 
excessive  damage  to  vehicle  and  load,  but  th 
driver  may  escape  unscathed.  The  plottin 
interval  of  $900  and  over,  shown  in  figure  C 
accounted  for  0.5  percent  of  the  passenge 
car  involvements  and  slightly  over  1  percen 
for  trucks.  Costs  represented  by  these  smal 
groups  accounted  for  5  percent  of  the  total  fo 
passenger  cars  and  25  percent  of  the  tota 
for  trucks. 

As  a  further  indication  of  the  extreme  cos 
values  found  in  the  study,  fatal  injury  involve 
ments  ranged  from  zero  to  $136,800  for  pas 
senger  cars  and  from  zero  to  $46,200  fol 
trucks.  Nonfatal  injury  involvements  range 
from  zero  to  $73,300  for  passenger  cars  an 
to  $53,700  for  trucks.  Property  damage  onl 
involvements  reached  a  maximum  of  $l,40t 
for  passenger  cars  and  $30,100  for  trucks. 

High  cost  accident  cases  found  in  th 
Illinois  study  pointed  to  the  need  for  furthe 
refinement  in  sample  design.  The  extent  o 
such  refinement  in  sample  design  depend 
largely  upon  the  data  available  on  tabulatin 
cards  in  a  given  State's  files  of  officially  re 
ported  accidents.  Of  necessity,  the  samplin 
procedures  in  the  past  have  been  adapted  t 
existing  records. 

Composite  involvement  and  aggregate  cos 
curves  for  all  severity  classes  of  involvement 
are  shown  in  figure  7.  The  average  or  meai 
value  for  passenger  car  involvements  was  $191 
and  for  trucks  was  $141.  The  midvalues  o: 
medians  were  considerably  less — $60  and  $20 
The  cost  interval  of  $2,000  and  over,  plotte 
at  the  extreme  right  of  figure  7,  represent 
only  1  percent  of  the  total  of  1.3  millio 
passenger  car  involvements  and  30  percen 
of  the  total  direct  costs  of  $258.8  million 
An  identical  comparison  for  trucks  indicate 
that  l}i  percent  of  the  128,100  involvement 
fell  within  the  cost  interval  of  $2,000  and  over 
and  this  group  accounted  for  44  percent  o 
the  $18.1  million  total 

By  selecting  the  cost  interval  of  $10,00( 
and  over,  generally  the  lower  limit  for  bodilj 
injury  and  liability  insurance,  0.1  percent  oi 
1,339  passenger  car  involvements  out  of  the 
total  of  1,317,700  and  0.07  percent  or  90  oi1 
the  truck  involvements  out  of  a  total  oi 
128,100  fell  into  this  cost  interval.  These 
relatively  few  involvements,  however,  account-] 
ed  for  10  and  11  percent,  respectively,  of  th 
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otal  direct  cost  of  passenger  car  and  truck 
tccidents. 

On  the  basis  of  the  above  Statewide  com- 
>arison,  and  assuming  that  1958  experience 
»f  Illinois  owners  was  typical,  the  chance  of 
i  passenger  car  owner  being  involved  in  an 
ccident  in  which  the  costs  associated  with 
lis  vehicle  would  amount  to  $10,000  or  more 
rould  be  about  1  in  1,000;  for  truck  owners, 

£  ihe  probability  of  such  an  event  would  be 
ibout   1   in   1,400.     As  indicated  previously, 

lij(!,876,000  Illinois  passenger  cars  were  driven 
he  equivalent  of  26.7  billion  vehicle-miles  in 
1.958.     By  referring  again  to  the   1,339  pas- 

'  enger     car    involvements     in     which     costs 

Equalled   or   exceeded   $10,000,    it   is   evident 

Chat  the  frequency  of  such  an  occurrence 
Ivould  be  5.0  involvements  per  100  million 
I'ehicle-tniles,  or  1.0  involvement  per  20  million 

4'ehicle-miles.  On  this  basis,  one  of  approxi- 
aately  forty  passenger  car  owners  in  a  life- 
lime  of  vehicle  ownership  would  be  expected 
|o  experience  an  accident  in  which  the  costs 

Ussociated  with  his  vehicle  would  equal  or 
fxceed  $10,000. 

I    Data  included  in  figures  8-10  show  the  cost 
istribution  of  fatal,   nonfatal,   and  property 

'(flamage  only  involvements  on  the  basis  of  the 

'Ifuunber  of  involvements  rather  than  percent 
)f  involvements  as  illustrated  in  figures  4-7. 

oslrhe  bars  in  figures  8-10  are  representative  of 

ve  he   combined  number   of  passenger  car  and 

%uck  involvements.  Figure  11  represents  a 
omposite  distribution  for  all  severity  classes 

3«Hf  involvements.  Many  of  the  characteristics 
l)f  the  cost  distribution  for  each  of  the  severity 
•lasses  have  already  been  mentioned  and  need 
io  further  emphasis.  The  bar  charts,  how- 
ver,    illustrate    more   forcefully   the   positive 

ihifkewness  of  accident  cost  curves  and  empha- 
iize  the  inherent  problems  in  sampling  the 
miverse    of    accident    involvements    for    the 

purpose  of  determining  costs.  Obviously, 
he    high    cost    involvements    are    subject    to 

rtponsiderable  sampling  variability. 
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Frequencies  and  Costs  of  Accident 
Involvements  Related  to  Accident 
Loca  tion 


The  usual  approach  in  determining  accident 
Exposure  is  to  relate  the  number  of  accidents 
,o  vehicle-miles  of  travel.  Fortunately  the 
notor-vehicle-use  study,  conducted  by  the 
[llinois  Division  of  Highways  during  1958, 
omplements  the  motor-vehicle  accident  cost 
tudy.  The  availability  of  this  information  is 
in  invaluable  aid  in  relating  accidents  to 
highway-  and  vehicle-use  characteristics. 

Data  included  in  tables  10  and  11  provide 
:he  basis  for  determining  the  frequencies  and 
osts  of  accident  involvements  occurring  in 
I  ural  areas  and  municipalities.  The  term 
municipality  is  used  to  denote  incorporated 
places  regardless  of  population  size.  Unincor- 
porated places  are  included  in  the  rural 
classification. 

Numbers  of  vehicles  involved  in  traffic 
tccidents  and  the  corresponding  costs  are  not 
;oo  meaningful  unless  such  events  can  be 
elated  to  exposure.  Involvement  and  cost 
•ates  per  10  million  vehicle-miles  of  travel  are 
eported  in  table  12  for  passenger  cars  and 
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Table  11. — Vehicle-miles  of  travel  in  Illinois  by  vehicles  of  different  types,  classified  by  the 

location  of  travel ' 


Vehicle  type 

Vehicle-miles  of  travel  (1,000) 

Rural 
areas 

Municipality  populations 

Under 
5,000 

5,000- 

24,999 

25,000- 
125,000 

1,000,000 
and  over 

Total 

Passenger  cars 

9, 986, 084 

1, 239, 747 
1.072,841 
2,312,588 

521, 188 
2, 833.  776 

1, 984, 221 

176, 595 
125, 410 
302, 005 

63, 672 
365, 677 

3, 012, 843 

236, 846 
144,528 
381,374 

60, 389 
441, 763 

4,064,738 

246.216 

149,  X07 
390,  023 

42,  ISO 
438.  503 

7,  700,  420 

422, 536 
309,  226 
731, 762 

144, 929 
876, 691 

10.  762,  222 

1,  082, 193 

TJS.971 

1,811,164 

311,470 
2, 122, 634 

Trucks: 
Single-unit: 
Panels  and  pickups 

Other  single-unit  trucks 

All  single-unit  trucks. .        

Truck  combinations 

All  single-unit  trucks  and  truck  com- 
binations  

1  Data  represent  travel  of  Illinois  registered  vehicles  in  use.    Source:  Motor  Vehicle  Use  Study,  State  of  Illinois,  Depart- 
ment of  Public  Works  and  Buildings,  Division  of  Highways,  October  1961. 

Table  12. — Number  of  vehicles  involved  in  traffic  accidents  and  the  direct  costs  of  such 
accidents,  per  10  million  vehicle-miles  of  travel,  classified  by  vehicle  type  and  accident 
location 


Vehicle  type 


Rural 
areas 


Municipality  populations 


Under 
5,000 


5, 000- 
24,  999 


25, 000- 
125, 000 


1,000,000 
and  over 


All  munici- 
palities 


NUMBER  OF  VEHICLES  INVOLVED  IN  TRAFFIC  ACCIDENTS  PER  10  MILLION  VEHICLE-MILES 


Passenger  curs 

Trucks: 
Single-uuit: 

Panels  and  pickups 

Other  single-unit  trucks. 
All  single-unit  trucks.. 


Truck  combinations. 


All  single-unit  trucks  and  truck  com- 
binations.  


191 


76 
123 


73 
95 


390 

427 
187 
327 

165 
299 


777 

281 

402 
327 

298 
325 


745 

463 
667 
540 

758 
573 


665 

523 
640 

572 

587 
580 


441 
520 
473 

468 


DIRECT  COST  OF  TRAFFIC  ACCIDENTS  PER  10  MILLION  VEHICLE-MILES 


Passenger  cars 

Trucks: 
Single-unit: 

Panels  and  pickups 

Other  single-unit  trucks. 
All  single-unit  trucks . . 


Truck  combinations 

All  single-unit  trucks  and  truck  com- 
binations  --- 


$61,067 


32, 636 
27, 881 
30,  430 

39,  511 


32, 136 


$57, 072 


31, 269 
23,  241 
27,  936 

82,  000 


37,  349 


8,729 


21,415 
21,116 
21,  302 

85,  494 


30,  146 


$111,421 

41,  659 
55.  569 
46,  921 

81,811 
51,  225 


$144, 704 


35, 369 
42, 363 
38, 325 

83,  571 


45, 979 


$117, 996 


33,077 
37, 575 
34, 887 

83, 383 


42, 281 


Table   13. — Number   of  municipalities   and 
population,  by  city  size  groups  in  Illinois 


Table  14. — Number  and  cost  of  traffic 
accidents  in  Cook  and  Du  Page  Counties, 
111.,  during  1958 


Population  group 

Number  of 
cities 

Population, 
1958 

Under  5,000               - 

1,026 

138 

33 

1 

1,198 

1,135.700 
1,399,500 
1,750,100 
3.  614, 100 
7, 899, 400 

1,762,700 

9, 662, 100 

5  000-24,999 

25  000-125,000 

1  DIKI  IIIKI  (Hid  over            -    -  - 

Subtotal ...  .. 

1,198 

Street  system 

Rates  per  10  million 
vehicle-miles 

Number  of 
accidents 

Direct 
costs 

51 

243 

1.021 

347 

$30, 800 
107, 200 
309, 400 
132, 400 

major  classes  of  trucks.  Passenger  car 
involvement  rates  ranged  from  191  per  10 
million  vehicle-miles  of  travel  in  rural  areas  to 
672  in  municipalities  of  all  population  sizes,  or 
a  ratio  of  1  accident  involvement  in  ruaal 
areas  for  every  3.5  involvements  in  munici- 
palities. For  single-unit  trucks,  the  ratio  was 
1  to  4.8;  and  for  truck  combinations,  1  to  6.4. 
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Direct  costs  of  accident  involvements  per 
10  million  vehicle-miles  of  travel  are  shown  in 
the  lower  half  of  table  12.  On  the  basis  of 
relative  exposure,  the  cost  of  passenger  car 
involvements  ranged  from  $61,100  per  10 
million  vehicle-miles  in  rural  areas  to  $118,000 
in  municipalities.  Similar  comparisons  for 
single-unit  trucks  indicated  a  range  of  $30,400 
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,1,1c  I  "..—Number  of  vehicles  involved  in  traffic  accidents  and  the  direct  costs  of  such  accidents,  classified  by  major  vehicle  type  and  high 

way  system 


Highway  systems 

Illinois  registered  passenger  cars 

Illinois  registered  single-unit  trucks  ' 

Illinois  registered  truck  combinations 

Illinois  registered  trucks,  all  types 

Rural 

Municipal 

Total 

Rural 

Municipal 

Total 

Rural 

Municipal 

Total 

Rural 

Municipal 

Total 

NUMBER  OF  VEHICLES  INVOLVED  IN  TRAFFIC  ACCIDENTS 

Federal-aid  primary  and  State 

SS.XII9 

19. 870 
14, 166 
34, 042 

9,330 

58. 794 
68. 124 

118.015 
72.  960 

190.  975 

221, 656 

5,928 
4,135 
10, 063 

111,402 
783,  562 
894,  964 

338,  986 
787,  697 

1,126.683 

310, 465 

25. 804 
18,301 
44, 105 

120.  732 
842, 356 
963, 088 

457, 001 
860,  657 

1,317,658 

10, 855 

788 
1,714 
2,502 

1,534 

8,  144 
9,678 

13, 177 
9,858 

23,  035 

17, 485 

667 
24 
691 

12,  165 
56.  356 
68,521 

30,317 
56,  380 

86,  697 

28,  340 

1,455 
1,738 
3,193 

13,  699 
64,  500 
78, 199 

43.  494 
66,  238 

109, 732 

3,082 

36 
38 

74 

252 
373 

625 

3,370 
411 

3,  781 

5,257 
33 

8,339 

69 
38 
107 

2,277 
7.630 
9,907 

10,  685 
7,668 

18, 353 

13, 937 

824 
1,752 
2,576 

1,786 
8.517 
10,  303 

16,  547 
10, 269 

26, 816 

22, 742 

700 
24 
724 

14, 190 
63,  613 

77, 803 

37,  632 
03,  637 

101,  269 

36, 679 

1,524 
1,776 
3,300 

15.  976 

72.  130 
88, 106 

54, 179 

73.  906 

128, 085 

Federal-aid  secondary: 

Subtotal                  

33 

2,025 
7,  257 
9.282 

7,315 

7,257 

14,  572 

Non-Fcderal-aid: 

Local  roads 

Subtotal 

All  roads  and  streets: 
State  highways 

Localroads __    

TOTAL ._    _ 

DIRECT  COST  OF  TRAFFIC  ACCIDENTS 

Federal-aid  primary  and  State 
highways..     .. 

$34, 089, 866 

3, 292,  274 
4,611,364 
7, 903,  638 

2, 963, 087 
16.025,291 
18, 988, 378 

40, 345, 227 
20, 636, 655 

60, 981, 882 

$45, 582, 939 

1,  270,  202 

327, 622 

1,597,824 

28,  358,  274 
122,  248,  701 
150.  606.  975 

75,211,415 
122, 576, 323 

197. 787, 738 

$79, 672, 805 

4,  502,  476 
4,  938,  986 
9,  501, 462 

31,321,361 
138,  273,  992 
169,  595,  353 

115,556,642 
143, 212,  978 

258, 769, 620 

$4, 543, 900 

144.  072 
429, 755 
574, 427 

337,210 
1,  591.  683 

1.  928,  893 

5, 025,  782 

2,  021,  438 

7, 047, 220 

$1, 305, 646 

95, 649 

231 

95, 880 

1, 146,  764 
3. 829.  322 
4,  976,  086 

2,  548, 059 
3, 829,  553 

0.  377,  612 

$5, 849, 546 

240,321 

129,  9SC, 
670.  307 

1,483.974 
5,421.005 

6,  904,  979 

7,  573, 841 
5, 850, 991 

13, 424, 832 

$1,510,563 

4,  641 
315.935 
320, 570 

98,  502 
129, 648 
228, 150 

1,613,706 
445.  583 

2.  059,  289 

$1,  743, 175 

788 

$3, 253,  738 

5,429 
315.935 
321, 364 

397, 337 

683, 973 

1,081,310 

3,  656,  504 
999,  908 

4,  656,  412 

$6, 054, 463 

149,313 
745,  690 
895. 003 

435,  712 
1,721,331 
2, 157,  043 

6, 639,  488 
2, 467, 021 

9, 106, 509 

$3, 048, 821 

96. 437 

23] 

96, 668 

1, 445,  599 
4,  383,  647 
5, 829, 246 

4, 590, 857 
4, 383, 878 

8,  974,  735 

$9, 103, 284 

245, 750 
745.  921 
991,671 

1,881,311 
6, 104.  978 
7, 986. 289 

11, 230. 345 
6, 850, 899 

18,081,244 

Federal-aid  secondary: 
Slate  highways 

Subtotal  ..      _      

788 

29s.  s35 
554, 325 
853, 100 

2,  042,  798 
554,  325 

2,  597,  123 

Non-Federal-aid: 
State  highways. _ 

Subtotal 

All  roads  and  streets: 
State  highways 

Local  roads 

TOTAL 

1  Includes  1,550  trucks  of  unknown  type  involved  in  traffic  accidents  of  which  487  were  involved  in  rural  accidents  and  1,063  were  involved  in  municipal  accidents. 


to  $34,900;  and  truck  combinations,  $39,500 
to  $83,400. 

The  comparison  of  involvement  and  cost 
rates  in  rural  areas  versus  municipalities 
points  to  the  fact  that  many  of  the  accidents 
in  cities  were  relatively  minor  events.  For 
all  classes  of  vehicles  considered  in  the  study, 
involvement  rates  ranged  from  170  per  10 
million  vehicle-miles  of  travel  in  rural  areas 
to  650  in  municipalities,  or  a  ratio  of  1  to  3.8. 
Cost  rates,  on  the  other  hand,  ranged  from 
$54,700  per  10  million  vehicle-miles  in  rural 
areas  to  $109,500  in  municipalities,  a  ratio  of 
1  to  2. 


An  analysis  of  the  types  of  accidents  shows 
that  nearly  one-half  of  all  accidents  in  munici- 
palities were  collisions  with  parked  vehicles 
and  rear-end  collisions.  These  two  types  of 
accidents  accounted  for  only  15  percent  of  the 
total  direct  costs  of  accidents  in  municipalities. 
But  regardless  of  the  severity  or  costs  of 
specific  types  of  accidents,  the  fact  still 
remains  that  a  large  part  of  the  accident 
problem  is  concentrated  in  cities,  and  pre- 
vailing vehicle  insurance  rates  for  urban 
residents  reflect  that  condition.  Eighty-five 
percent  of  the  accident  involvements  occurring 


in  the  State  during  the  study  year  tool 
place  in  municipalities,  and  those  event 
accounted  for  75  percent  of  the  total  direc 
costs  of  accidents. 

A  rather  unusual  finding  of  the  study  wa 
the  doubling  of  the  accident  cost  rate  fo 
truck  combinations  in  cities  versus  rural  areas 
A  similar  relationship  did  not  hold  for  single 
unit  trucks.  As  shown  in  table  12,  the  cost  o 
approximately  0.8  of  a  cent  per  vehicle-mili 
for  combinations  was  uniform  for  all  city  sizi 
groups.  A  further  analysis  of  these  data  indi 
cated  that   the  rates   for   combinations   wer 


Table  16. — In-State  travel  of  Illinois  registered  passenger  cars  and  trucks,  distributed  by  highway  systems  l 

[thousands    of  vehicle -miles] 


Highway  systems 


Federal-aid  primary  and  State 
highways 

Federal-aid    secondary    high- 
ways: 

State  highways 

Local  roads 

Subtotal 

Non-Federal-aid  highways: 

State  highways 

Local  roads 

Subtotal 

All  roads  and  streets: 

Stale  highways 

Local  roads 

total... 


Travel  of  Illinois  registered 
passenger  cars 


Rural        Municipal        Total 


5, 844,  957 


409, 629 

1,066,522 
1.476,  151 


586,  552 
2,  07S,  424 
2,664,976 


6,841,138 
3,  144.916 

9, 986, 084 


4,985,517 


137.276 
133,  970 
271,  252 


1,  403.  184 
10, 102, 269 
11.505,453 


6,  525, 977 
10,236,215 

16, 762, 222 


10,  830, 474 


546, 905 

1,200,498 
1,747,403 


1,989,736 
12,1X0,693 
14,  170.429 


13,367.115 
13.381,191 


26,  748,  306 


Travel  of  Illinois  registered 
single-unit  trucks 


Rural 


1,292,470 


78, 716 
223,  545 
302,  261 


126.  168 
591,  689 
717,857 


1,  497,  354 
815, 234 


2,  312,  588 


Municipal 


56(1,  MS 


18,  874 
14,263 
33,  137 


155,  565 
1,  061,  644 
1,217,209 


735, 257 
1.075.907 


1,811,164 


Total 


1, 853, 288 


97, 590 
237.  808 
335, 398 


281.  733 
1,  653,  333 
1,  935,  066 


2,232,611 
1, 891, 141 

4, 123, 752 


Travel  of  Illinois  registered 
truck  combinations 


Rural        Municipal        Total 


473, 874 


6.051 
5,413 
11.464 


21    595 
11,255 

35.8511 


504,  520 
16, 668 


521.  188 


162. SS2 


2.  422 

647 

3,069 


33,061 
112,458 
145,519 


198,  365 
113,  105 


311,470 


636,756 


8,  473 
6,  060 
14,  533 


157,  656 
23,  713 

IS]   369 


702,  885 
129,  773 

832,  658 


Travel  of  Illinois  registered 
trucks  of  all  types 


Rural        Municipal        Total 


1,  766, 344 


84,  767 
22S,  95S 
313, 725 


150. 763 
602, 944 
753,  707 


2,001,874 
831,  902 

2, 833,  776 


723.  700 


21.  296 
14,910 
36,  206 


188,  626 
1, 174. 102 
1,  362,  728 


933,  622 
1, 189,  012 

2, 122, 634 


2,  490,  044 


106,  063 
243.  S6S 
349.931 


339, 389 
1,  777.  046 
2,116,435 


2, 935. 496 
2.  020,  914 

4,  956,  410 


Data    ource:  Motor  Vehicle  Use  Study,  State  of  Illinois,  Department  of  Public  Works  and  Buildings,  Division  of  Highways,  October  IS 


1961. 
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i  'able  17.— Number  of  vehicles  involved  in  traffic  accidents  and  the  direct  costs  of  such  accidents  per  10  million  vehicle-miles  of  travel, 

classified  by  major  vehicle  type  and  highway  system 


v:„ 


Ilighw  ;iy  systems 


Illinois  registered  passenger  ears 


Rural 


Municipal 


Total 


Illinois  registered  single-unit  trucks 


Rural 


Municipal 


Total 


Illinois  registered  truck  combinations 


Rural      i  Municipal  j        rota] 


Illinois  registered  trucks,  all  types 


Rural 


Municipal 


Total 


NUMBER  OF  VEHICLES  INVOLVED  IN  TRAFFIC  ACCIDENTS  PER  10  MILLION  VEHICLE-MILES  OF  TRAVEL 


Federal-aid  primary  and  State 
highways 


Federal-aid  secondary: 

State  highways 

Local  roads 

Subtotal 


Non-Federal-aid: 
State  highways. 
Local  roads 

Subtotal 


All  roads  and  streets: 

State  highways 

Local  roads 


l.s.-, 
133 
231 


159 
283 
256 


173 
232 


191 


432 

(') 

371 


776 

778 


519 

77U 


672 


2X7 


472 
152 
252 


607 
692 

680 


342 
643 


493 


84 

100 

83 


122 
138 
135 


121 
100 


312 


(') 

(') 
(') 


782 
531 
563 


412 
524 


479 


153 


149 
73 
95 


390 

404 


195 
350 


266 


(') 


0) 


67 


613 
645 
638 


369 
642 


(>) 

!') 


395 

617 
546 


152 
591 


97 
77 
82 


118 

141 
137 


83 
123 


314 


(') 


752 
542 
571 


403 
535 


141 
73 
94 


471 
406 

416 


185 
366 


258 


DIRECT  COST  OF  TRAFFIC  ACCIDENTS  PER  10  MILT  ION  VEHICLE-MILES  OF  TRAVEL 


Federal-aid  primary  and  State 
highways ___ 

Federal-aid  secondary: 

State  lush  ways '_ 

Local  roads 

Subtotal 


Non-Federal-aid: 
State  highways. 

Local  roads 

Subtotal 


All  roads  and  streets: 

State  highways 

Local  roads..' 


$58, 324 


80.  372 
43,  237 
53,  542 


50.  517 
77.  103 
71.252 


58,  974 
65,  618 


61   1167 


$91,431 


92,  529 
58.  906 


202.  099 
121.011 
130.901 


115.249 
119.747 


$73.  564 


S3,  121 
41.141 
54.375 


157.415 
113.519 
L19.683 


86,  448 

107.026 


96,  742 


$35.  157 


18.  379 

19,  225 
19.  004 


26.  727 
26.  901 
26.  870 


33.  564 
24,  796 


30,  473 


$23.  281 


(') 

(') 


73.716 
36.070 
Hi.  ssl 


34.  655 

35   591 


35,213 


$31,563 


24,626 

18,081 
19. 985 


52,  673 
32,  788 
35, 683 


33,  924 
30,  939 

32,  555 


$31,877 


31,985 


39,511 


$107,021 

(') 
----- 


90.  389 

19,  292 
58,  629 


102,  982 
49,  010 

83, 383 


$51,099 


0) 
I1) 
(!) 


68.  915 
55,  287 

.V.I.  619 


52  021 
77,051 


$34,  277 


17.615 
32,  569 

28,  52S 


28,  900 
28,  549 
28,619 


33.  166 

29,  655 


32, 136 


$42, 128 


(') 


76,  638 
37. 336 
42,  776 


49,  173 
36, 870 

42,  281 


$36,  559 


23, 170 
30,  5S7 
28,  339 


55, 432 
34, 355 
37,  735 


38,  257 
33, 900 

30, 481 


1  Sample  was  too  small  to  provide  significant  data  (20  or  less  sample  cases). 


"able  18. — In-State  travel  of  Illinois  registered  passenger  cars  and  trucks,  distributed  by  highway  systems  and  average  daily  travel  per 

mile  of  road  or  street 


ii 


Item  of  comparison 


Federal-aid 
primary 

and  State 
highways 


Federal-aid  secondary  highways 


State 
highways 


Local 
roads 


Total 


Non-Federal-aid  highways 


State 
highways 


Local 
roads 


Total 


All  roads  and  streets 


Stale 

bighwaj  - 


Local 
roads 


Total 


TRAVEL  IN  RURAL  AREAS 


Miles  of  rural  roads 

Annual  passenger  car  travel  (1,000  vehicle-miles) 

Average  daily  passenger  car  travel  (1,000  v.-m.) 

Average  daily  passenger  car  travel  per  mile  of  road. 

Annufl  truck  travel  (1,000  vehicle-miles). 

Average  daily  truck  travel  (1,000  vehicle-miles) 

Average  daily  truck  travel  per  mile  of  road... 

Miles  of  streets. 

Annual  passenger  car  travel  (1,000  vehicle-miles) 

Average  daily  passenger  ear  travel  (1,000  v.-m.) 

Average  daily  passenger  car  travel  per  mile  of  street.. 

Annual  tiuck  travel  (1,000  vehicle-miles) 

Average  daily  truck  travel  (1,000  vehicle-miles) 

Average  daily  truck  travel  per  mile  of  street.. 

Miles  of  roads  and  streets _ 

Annual  passenger  car  travel  (1,000  vehicle-miles) 

Average  daily  passenger  car  travel  (1,000  v.-m.) 

Average  daily  passenger  car  travel  per  mile  of  road 
and  street. 

Annual  truck  travel  (1,000  vehicle-miles) 

Average  daily  truck  travel  (1,000  vehicle-miles) 

Average  daily  truck  travel  per  mile  of  road  and 
street... 


8,625 

5, 844, 957 
16, 014 
1,857 

1, 766, 344 

1.S39 
561 


1,618 

409,  629 

1,122 

693 

84,  767 
233 
144 


10,050 

066,  522 

2,922 

291 

228, 958 
627 
62 

11,  668 

1,  476, 151 

4,044 

347 

313,  725 
860 

74 


2,391 

586,  552 

1,607 

072 

150,  763 
413 
173 


79,  503 

2, 078,  424 

5,694 

72 

602,  944 

1,652 

21 

81,894 

2, 664, 976 

7,301 

89 

753,  707 

2,065 

25 


12,  634 

6,841,138 
18,  743 
1,484 

2,  001, 874 

5,485 

434 


89, 553 

3, 144,  946 
8,616 


831,  902 

2,279 

25 


102,  187 

9,  986, 084 

27, 359 

268 

2,  833.  776 

7,  764 
76 


TRAVEL  IN  MUNICIPALITIES 


1,498 

4, 985, 517 
13,  659 
9,118 

723,  700 
1,983 
1,324 


203 

137,276 

376 

1,852 

21,  296 
58 


209 

133, 976 
367 

1,756 

14,  910 
41 
195 


412 

271,252 

743 

1,803 

36, 206 

99 

241 


1,403,184 
3,844 
3,  891 

188, 626 
516 
523 


18, 192 

10, 102, 269 

27,  678 

1,521 

1,174,102 

3,217 

177 


19, 180 

11,505,453 

31,522 

1,643 

1,302,728 

3,733 

195 


i,  525,  977 
17,  879 
6,649 

933.  622 

2,557 

951 


18,401 

10,236,245 

28,  045 

1,  524 

1,189.012 

3,  258 

177 


21.090 

16,  762,  222 
15,924 

2.  17S 

2,  122,631 

5,815 

276 


TOTAL  TRAVEL 


10, 123 

10,  830,  474 
29,  673 

2,931 

2,  490,  044 

6  S22 


1,821 


.-,16,905 
1,498 


823 


100.  003 
291 


160 


10, 259 

1,200,498 
3,289 

321 

243,  868 
668 


12.0S0 


1.747.403 
4,787 


39i ; 


349,  931 
959 


3,379 

1, 989,  736 

5.  151 

1,613 

339.  389 
929 

275 


97,  695 

12.  ISO.  693 
33,  372 

342 

1,777,046 
1,869 

50 


101,074 

11.  170.429 
3S..S23 

384 

2,116,435 
5,  79S 

57 


15.  323 

13,367,115 
36, 622 

2,390 

2, 935, 496 
8,042 

525 


107,  954 

13, 381, 191 
36,661 

310 

2,  020,  914 
5,537 


123.27 


26,  74S,  306 
73.  2S3 


4,956.410 
13,  579 
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Figure  8. — JSumber  of  passenger  cars  and  trucks  (combined) 
invoked  in  fatal  injury  traffic  accidents,  distributed  according 
to  direct  costs. 


influenced  to  a  considerable  extent  by  the  oc- 
currence of  a  limited  number  of  fatal  and  non- 
fatal injury  accidents  in  which  the  costs 
exceeded  $10,000  per  involvement.  A  sum- 
mary of  the  number  of  municipalities  and  the 
population  for   each  of  the   city  size  groups 

•  n  in  tables  10 — 12)  and  total  populate 

shown  in  table  13. 
The  population  group  of  1,000,000  and  over 
obviously  applies  to  Chicago.     Incorporated 
places    surrounding    the    corporate    area    of 


Chicago  such  as  Evanston,  <  >ak  Park,  Berwyn, 
Cicero,  and  others  were  included  in  the  lesser 
population  groups.  Forty-six  percent  of  the 
accident  involvements  and  56  percent  of  the 
total  costs  of  accidents  occurring  in  munici- 
palities of  the  State  were  traceable  to  the 
corporate  area  of  Chicago.  This  finding  was 
not  unusual  as  46  percent  of  the  urban  popula- 
tion of  the  State  resided  in  the  one  city,  and  45 
percent  of  the  Statewide  municipal  travel  was 
performed    there.     In    relating    the    costs    of 
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DIRECT    COST  OF  NONFATAL  INJURY    TRAFFIC  ACCIDENTS- DOLLARS 

Figure  ').  —  Number  of  passenger  cars  and  trucks  (combined)  involved 
in  nonfatal  injury  traffic  accidents,  distributed  according  to  direct 
costs. 


passenger  car  and  truck  accidents  to  travel  t 
these  vehicles  in  Chicago,  the  rate  per  vehicle 
mile  was  found  to  be  1.35  cents. 

A  recent  publication  of  the  Chicago  Are' 
Transportation  Study  (C.A.T.S.)  provide 
useful  comparisons  of  accident  costs  and  rate 
for  streets  and  highways  of  the  Create  . 
Chicago  area  (3).  The  area  covered  in  th;  \i 
analysis  included  Cook  and  Du  Page  Counties 
the  confines  of  which  were  nearly  equivalen 
to  the  perimeters  of  the  C.A.T.S.  study. 

The  locations  of  traffic  accidents  occurria  [! 
in  Cook  and  Du  Page  Counties  during  195} 
were  classified  on  the  basis  of  three  systemi 
expressways,  arterials,  and  local  streets! 
Accident  rates  and  costs  developed  in  th 
analysis  are  listed  in  table  14. 

The  cost  of  accidents  per  vehicle-mile  o 
travel  on  all  street  systems  of  the  two  countie 
was  calculated  to  be  1.32  cents,  which  wai 
slightly  less  than  the  rate  of  1.35  cents  for  I  h| 
corporate  area  of  Chicago.  Of  primary  in 
teresl  is  the  range  in  costs  per  vehicle-mill 
by  street  systems:  Expressways,  0.31  of  i 
cent:  arterials,  1.07  cents;  and  local  streets; 
3.09  cents.  Frequency  rates  were  based  oi 
the  number  of  accidents  per  10  million  vehicle 
miles  rather  than  involvements,  and  thu 
direct  comparisons  cannot  be  made  with  th 
data  shown  in  table  12.  (In  the  C.A.T.S 
analysis,  a  conversion  factor  of  1.89  involve 
ments  per  traffic  accident  was  used.)  Result 
show  that  the  chance  of  being  involved  in  i 
traffic  accident  on  a  local  street  was  20  time 
greater  than  on  an  expressway,  and  on  arteria 
streets  tin-  accident  rate  was  nearly  5  time 
that  on  expressways. 

Frequencies  and  Costs  of  Accident 
Involvements  Related  to  Highwm 
Systems 

Data  included  in  tables   15  and  16  provid*  ■:- 
the    necessary    information    to    appraise    tin 
major  highway  systems  of  the  State  on  thi)  lii 
basis  of  accident  frequencies  and  costs.      Th< 
same  limitations  apply  to  this  series  of  table 
as  to  tables  5-7.     Sampling  variability  should  t 
be  kept  in  mind  when  viewing  the  detailed, 
information.     Values  shown  for  subtotal-  an 
totals  obviously  are  supported  by  a  greate 
number  of  sample  cases  than  the  componen 
values  that  make  up  the  totals.     Table  ell 
believed   to   have   too   few  sample    case- 
provide  significant  comparisons  are  indicati 
by   footnote   in   table    17.     Xo   estimate-    q 
sampling  error  have  been  computed,  howevei 


Table  19. — Average  daily  travel  of  Illinoi 
passenger  ears  and  trucks  on  lllinoi- 
roads  and  streets,  1958 


Highway  system 

ige  daily  traffii 

mile  of  road  or  street 

Rural 

Municipal 

2,418 

421 
114 
344 

10,  142 

2,044 
1,838 

2,454 

Federal-aid  secondary 

Non-Federal-aid 

All  systems 
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gure  10.— Number  of  passenger  cars  and  trucks  (combined) 
involved  in  property  damage  only  traffic  accidents,  distributed 
according  to  direct  costs. 
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Figure  11.— Number  and  percent  of  passenger  cars  and  trucks 
(combined)  involved  in  traffic  accidents,  distributed  according 
to  direct  costs. 


Accident  involvement  and  cost  rates,  as 
ported  in  table  17,  point  to  the  fact  that 
issenger  car  drivers  traveling  on  local  rural 
ads  and  on  city  streets  (principally  of  the 
sidential  class)  experienced  more  accidents 
l  a  vehicle-mile  basis  than  when  driving  on 
ate  highways.  Rates  on  rural  State  high- 
ays  were  173  involvements  per  10  million 
hicle-miles  as  compared  to  232  involvements 
i  local  roads,  or  a  ratio  of  1  accident 
volvement  on  State  highways  for  every  1.3 
volvements  on  local  roads.  In  municipali- 
bs,  the  rates  per  10  million  vehicle-miles 
ere  519  and  770,  respectively,  or  a  ratio  of 
to  1.5.  Costs  per  vehicle-mile  for  passenger 
r  involvements  ranged  from  0.59  of  a  cent 
H||i  rural  State  highways  to  0.66  of  a  cent  on 
cal  rural  roads.  A  similar  comparison  for 
unicipalities  indicated  costs  of  1.15  cents 
id  1.20  cents.  Involvement  ratios  were 
mewhat  greater  in  the  State-local  compari- 
ns  than  were  the  cost  ratios,  which  indicates 
at  accidents  on  the  local  systems  tended  to 
less  severe  or  costly.  Involvement  rates 
r  trucks  of  all  types  were  higher  on  local 
ads  and  streets  than  on  State  highways, 
at  costs  per  vehicle-mile  indicated  an  in- 
rse  relation. 

A  comparison  of  involvement  and  cost  rates 
l  the  basis  of  the  three  classes  of  highways — 
ederal-aid  primary,  Federal-aid  secondary, 
id  non-Federal-aid — is  not  too  conclusive, 
owever,  the  emphasis  placed  on  improving 
le  design  of  major  highways  shows  some 
nefits  from  the  standpoint  of  accident  fre- 
lencies  and  costs.  One  principal  observa- 
on  is  that  the  roads  and  streets  not  a  part  of 
te  Federal-aid  systems  should  not  be  over- 
oked  in  accident  reduction  programs.  This 
ass  of  roads  and  streets,  composed  largely  of 
unty  and  township  roads  in  rural  areas  and 
sidential  streets  in  municipalities,  is  repre- 


sentative of  82  percent  of  the  road  and  street 
mileage  of  the  State.  During  the  year  of  the 
study,  these  facilities  accounted  for  51  percent 
of  the  travel,  73  percent  of  the  accident  in- 
volvements, and  64  percent  of  the  total  direct 
costs  of  accidents. 

The  percentage  distribution  of  travel,  acci- 
dent involvements,  and  accident  costs  is  illus- 
trated in  figure  12  for  the  three  classes  of 
highways.  The  system  classifications  used  in 
the  study  are  fairly  realistic  from  the  stand- 
point of  vehicle  usage,  particularly  in  rural 
areas.  A  preferred  classification  for  major 
cities  would  be  expressways,  arterials,  and 
residential  streets.  Streets  of  the  Federal-aid 
secondary  classification  represent  a  very  small 
part  of  the  total  municipal  mileage,  as  shown 
in  table  18. 


Average  daily  travel  of  Illinois  passenger 
cars  and  trucks  on  the  three  systems  during 
1958  was  distributed  as  shown  in  table   19. 
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Silicones  as  Admixtures 
for  Concrete 


BY  THE 

MATERIALS  RESEARCH  DIVISION 

Bl  REAU  OF  PUBLIC  ROADS 


This  article  presents  a  report  on  the 
results  obtained  from  tests  in  which  eight 
different  silicones  trere  used  (is  admixtures 
for  porlland  cement  concrete.  These 
tests  ivere  made  because  precious  tests 
had  shown  the  addition  of  silicone  to  be 
beneficial  in  preventing  scaling  caused  by 
de-icing  agents. 

The  results  of  tests  from  the  lastest 
study  showed  that,  some  of  the  silicones 
improved  the  strength  and  durability  of 
the  concrete.  An  optimum  amount  of 
silicone  admixture  was  required  to  obtain 
maximum  stretiglh  and  durability.  How- 
ever, in  most  of  the  tests,  the  addition  of 
silicones  retarded  the  setting  time  of  the 
concretes  more  than  can,  usually  be  tol- 
erated for  normal  construction  purposes. 


Introduction 

A  RECENT  REPORT  of  the  Bureau  of 
Public  Roads2  showed  that  given  amounts 
of  a  certain  silicone  used  as  an  admixture  for 
concrete  were  effective  in  preventing  scaling 
caused  by  de-icing  agents.  This  silicone  also 
increased  the  compressive  strength  of  the 
concrete  but  caused  a  marked  retardation  in 
the  setting  of  the  concrete.  Because  of  these 
effects  on  concrete,  additional  tests  were  made 
to  determine  whether  other  silicones  used  as 
admixtures  would  have  similar  effects  on 
concrete. 

Eight  different  silicones,  manufactured  by 
the  three  major  producers,  were  used  in  this 
project.  Tests  were  made  to  determine  the 
effect  of  silicone  admixtures  on  the  properties 
of  fresh  concrete  and  on  the  strength  and 
durability  of  hardened  concrete.  Some  of  the 
d'sts  were  limited  because  sufficient  quantities 
of   the   silicone   samples    were   not   available. 


'  Presented  at  the  42<1  annual  meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1963. 

2  Resistance  of  Concrete  Surfaces  to  Scaling  by  De-Icing 
Agents,  by  W.  E.  Grieli,  George  Werner,  and  D,  0.  Woolf, 
Public  Roads,  vol.  32,  No.  3,  Aug.  1%2,  pp.  64—73. 
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Conclusions 

Based  on  results  of  tests  in  which  only  one 
brand  of  cement  was  used,  the  following  con- 
clusions are  warranted.  These  conclusions 
apply  specifically  to  concrete  prepared  with 
the  materials,  mixes,  and  mixing  procedures 
described  in  this  article. 

•  When  used  as  admixtures  in  certain 
amounts,  solutions  of  sodium  methyl  silico- 
nates  increased  the  compressive  strength  and 
durability  of  concrete 

•  The  alkyl  silane  esters  and  the  silicone 
resin  emulsion  types  of  silicones  in  most  cases 
either  had  no  effect  or  were  detrimental  to 
the  compressive  strength  and  durability  of 
concrete. 

•  There  appears  to  be  a  critical  amount  of 
silicone  admixture  needed  to  obtain  maximum 
compressive  strength  or  durability  of  the  con- 
crete. This  amount  varies  according  to  the 
properties  of  the  silicones. 

•  In  most  cases,  silicones  retarded  the 
setting  time  of  the  concrete.  When  the  sili- 
cones were  used  in  amounts  needed  to  obtain 
maximum  strength  or  durability  of  concrete, 
most  of  them  caused  retardation  of  the  set 
greater  than  can  be  tolerated  for  normal 
construction  purposes. 

•  The  use  of  silicones  as  admixtures  had  no 
appreciable  effect  on  the  water  required  for  a 
given  slump  or  on  the  air  content  of  the  con- 
crete. 

Ma  teria  Is 

The  tests  were  made  on  air-entrained  con- 
crete  prepared  with  varying  amounts  of  eight 
different  silicone  solutions.  The  physical  and 
chemical  properties  of  these  silicone  solutions 
are  given  in  table  1 .  The  silicones  are  grouped 
into  three  general  classes.  Four  of  them 
(silicones  ^4,  B,  C,  and  D)  are  classified  as 
sodium  methyl  siliconates,  two  (silicones  E 
and  F)  are  classified  as  alkyl  silane  esters,  and 
two  (silicones  G  and  H)  are  classified  as 
silicone  resin  emulsions.  Typical  infrared 
spectra  of  the  silicones  are  given  in  figure  1. 
The  silicones  in  each  group  have  the  same 
general  characteristic  spectra. 


Reported  by  '  WILLIAM  E.  GRIEB 
Highway  Research  Enginee 


With  the  exception  of  the  two  milky  whit 
emulsions  of  silicones  G  and  H,  all  silicone 
were  colorless  liquids.  The  solvent  or  thinne 
for  the  six  silicones  A,  B,  C,  D,  G,  and  //  wa 
water  and  for  the  other  two  (E  and  F)  was  a 
alcohol.  Except  for  the  silicone  admixture: 
the  same  concrete  materials  were  used  for  a 
of  the  tests.  The  cement  was  a  type  I  port 
land  cement  having  an  equivalent  alka 
content  of  0.6  of  a  percent.  The  chemicf 
analysis  of  the  cement  is  given  in  table 
The  aggregates  were  similar  to  those  use 
in  the  previous  investigation  of  a  silicone  ! 
an  admixture.  These  were  a  siliceous  san 
having  a  fineness  modulus  of  2.75  and 
uniformly  graded  crushed  limestone  havin 
a  1-inch  maximum  size.  A  commercial^ 
available  aqueous  solution  of  neutralize 
Vinsol  resin  was  used  to  entrain  air. 


uso 


Mix  Data 


The  mix  data  for  the  concretes  are  give! 
in  table  3.  The  concrete  contained  6  bags  c 
cement  per  cubic  yard.  The  air  content  w£ 
approximately  5  percent  and  the  slump  w 
about  3  inches.  A  control  or  reference  mi 
was  made  each  day  without  silicone,  and  th 
mixes  containing  silicone  were  compared 
the  corresponding  control  mix  made  on  th 
same  day.  The  average  properties  for  all 
the  control  mixes  are  given  in  footnote  1 
table  3. 

The    total  solids   in    the    silicone   solution 
added  to  the  mixes  ranged  from  0.01  pereen   :: 
to  1.33  percent  by  weight  of  the  cement.     Th 
concentration  of  the  total  solids  in   the  eigr 
silicone  solutions  differed.     For  convenient!   \ 
in   designing  the  mixes,   data  from  literatiu 
furnished  by  the  producers,  which  gives    tl: 
approximate    percentage    of    total    solids 
each    solution,    were    used.     These    data    1 
given  in  footnote  2  of  table  3. 

The  actual  percentage  of  total  solids  i 
six  of  the  eight  solutions  was  determine 
chemically;  these  percentages  are  shown 
table  1.  These  results  were  within  5  pereen 
age  points  of  the  amounts  used  for  designi 
the  mixes.  For  silicones  E  and  F,  the  alk; 
silane  esters,  it  was  impossible  to  determir 
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Table  1.— Physical  and  chemical  properties  of  silicone  solutions 


25° 


Physical  propei  I  ies: 
pll  (electrometric  method). 

Specific  gravity — C. 

(  Bbemical  analysis: 
Total  soliih  (nonvolatile  :ii  I5(i    ( '  ,  90  min.  i  .  Percent  . 

Total  sodium  as  Na20 do 

Silicon  (Si)_ do 

Chlorine  (CI)— do 

Silicone  solids  as  CHjSiOi.s do. 

Molecular  ratio  (CHaSiOi.s  to  Na20) do... 


Infrared  analysis  of  active  constituent 


Infrared  analysis  of  volatile  solvent  or  thinner.. 


Probable  formulas. 


Sodium  methyl  sillconate 


Sodium  methyl  siliconate  (Sodium  salt  of  methyl 
polysiloxane)  1 


12  1 

1.244 


33.5 
10.4 
8.2 


19.6 
1.7 


12.0 
1.  252 


33.  3 
10.3 
8.1 

19"  V 

1.7 


12.2 
1. 102 


32.1 

11.2 
8.5 

20.3 

1.7 


12+ 
1.227 


30.  1 
12.4 
5.6 

13"  V 
1.0 


All  four  materials  were  similar  and  showed  a 
methyl  siliconate  structure.  Silicone  I>  had 
a  greater  amount  of  sodium  carbonate  impu- 
rity than  the  others. 


[Cli3Si(OH)jO-]  Na+(in  dilute  aqueous  solution) 
[CH3Si02Xa]„    (in  dry  form) 


Alkyl  silane  i  tei 


Mr. 

ehlorosilane 
M  ester 


2.  6 

0.952 


(3) 


21.7 

20 


Ethyltri- 

ethoxysilane  ' 


0.  901 


"3.8"" 


Spectra  of  both  materials  were  fairly 
similar;  they  had  an  alkyl  silane  es- 
ter structure.  F  had  ethyl  groups, 
and  E  had  mostly  methyl  substitu- 
tion. 


Both  solventsappeared  to  bean  alcohol 
type,  but  exact  identification  was 
difficult  because  of  some  volatility  of 
the  active  constituent. 


(Cn3)»Si(OCII3)4 


C:llsSi(OC2H5)3 


resin  emulsion 


Silicone  resin  emulsion 
of  silicone  resin  ' 


ie       Anionic 


7.2 

1.027 


41.4 


II 


8.4 
1.008 


16.9 
"3.4" 


Both  materials  had 
similar  spectra  of  pre- 
sumably condensed 
silicones  having  ethyl 
substitution. 


rR"0(R',)Si04-i"|R' 


1  Producer's  description. 

2  Qualitative  test. 

3  Not  determined  because  of  volatility  of  silicone  material. 


ie  amount   of   total   solids    because   of   the 

jlatility  of  the  silicone  material-. 

For  the  six  silicones  .1,  B,  C,  D,  E,  and  F, 

ivil  je  assumed   concentration    of   the   solutions 

as  30  percent  total  solids.     For  this  concen- 

lij  ation,  10  ounces  of  the  solution  per  bag  of 

sment  is  equivalent   to  0.2  of  a  percent   of 

)tal  solids  by  weight  of  cement.     In  table  3, 

ie   amount    of    the    silicone    solution    used 

each   mix  is  given   as  the  weight  of  total 

)lids  in   the  quantity   of  solution   used,   ex- 

ressed    as    a    percentage    of    the    weight    of 

i  anient.     It   is   also  given   as  the  number  of 

pin  jnces  of  the  solutions  per  bag  of  cement. 

ID 

Mixing  and   Curing 

tl   The  mixing  and  curing  was  completed  in 

; ,  jcordance    with    standard    laboratory    pro- 

idures.     The  aqueous  solution  of  each  sili- 

me  was  added,  with  part  of  the  mixing  water, 

tioi  )  the  cement   and  aggregates  in  the  mixer, 

:  rior  to  the  addition  of  the  aqueous  solution 

Jii  the  air-entraining  admixture. 

A    ASTM  standard  methods  were  followed  in 

a  taking  tests  on  the  plastic  concrete  and  in 

ui  tolding,  curing,  and  testing  the  specimens  of 

.gardened    concrete.     The    tests    for    outdoor 

j  i  paling  were  made  as  described  in  reference  2. 

.  ai 

Water  and  Air  Content 

ids  i 

1  >ata  showing  the  effect  of  silicones  as  ad- 
:  iiiixtures  on  the  water  and  air  content  of  con- 
fute are  presented  in  table  3  and  figure  2. 
ijrjin  [lS  shown  in  figure  2,  concretes  made  with 
■ifcilicone  admixtures  generally  needed  less 
.,,,111  'ater  than  the  control  concrete  to  provide  the 
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Table   2. — Chemical    analysis   and   physical 
properties  of  portland  cement 


Chemical  composition: 

Silicon  dioxide percent 

Aluminum  oxide do__ 

Ferric  oxide do.. 

Calcium  oxide do. . 

\i  tgnesium  oxide do__ 

Sulfur  trioxide do.  . 

Loss  on  ignition do_. 

Insoluble  residue do._ 

Sodium  oxide do.  _ 

Potassium  oxide do__ 

Chloroform  soluble.. .do. . 

Free  lime _ do.. 

Equivalent  alkali  as  Na20 .do_. 

Computed  compound  composition: 

Tricalcium  silicate percent 

Dicalcium  silicate ...do.. 

Tricalcium  aluminate do... 

l'h\  -ical  properties: 

Apparent  specific  gravity 

Specific  surface  (Blaine)sq.  cm./g 

Autoclave  expansion percent 

Normal  consistency do.  _ 

Time  of  setting  (Gillmore  test) 

Initial hours 

Final do.. 

Compressive  strength  (1:2.75  mortar) 

3  days p.s.i 

7  days do_. 

28  days do.. 

Mortar  air  content percent 


20.9 
6.0 
2.5 

65.3 
1.4 
2.2 
0.7 

0.19 

0.14 

0.75 

0.007 

0.76 

0.63 

57 
17 
12 

3.14 
3,250 
0.05 
24.2 

4.25 
6.83 

2,850 
3,830 
5,170 
9.4 

same  slump.  This  reduction  in  water  re- 
quirement however  was  3  percent  or  less  for 
most  of  the  mixtures.  In  9  of  the  11  mixes 
that  did  show  a  reduction  of  more  than  3 
percent,  more  than  10  ounces  of  the  silicone 
solution  per  bag  of  cement  (0.2  of  a  percent  of 
total  solids  by  weight  of  cement)  had  been 
used.  The  erratic  data  in  amount  of  mixing 
water  obtained  from  use  of  some  of  the  sili- 
cones may  be  attributed  to  time  and  mold 
limitations.  Because  of  these  limitations  not 
all  of  the  mixtures  prepared  with  the  different 


amounts  of  any  specific  silicone  were  made  on 
the  same  day.  Mixtures  containing  varying 
amounts  of  the  same  silicone  were  therefore 
compared   with    different   control    mixes. 

For  mixtures  containing  silicones  B  and  E, 
excepl  for  one  mixture  for  each,  a  progressive 
reduction  occurred  in  the  amount  of  mixing 
water  required  as  the  amount  of  silicone  was 
increased.  Silicone  H  also  caused  a  reduction 
in  the  amount  of  mixing  water  required  when 
0.5  of  a  percent  or  more  of  silicone  solids  was 
used.  Addition  of  silicone  C  or  F  in  an 
amount  up  to  0.5  of  a  percent  of  silicone  solids 
reduced  the  mixing  water  requirements;  when 
more  C  or  F  was  used  the  mixing  water  re- 
quirement increased. 

Although  the  general  trend  was  for  greater 
reductions  in  the  water  requirements  as  the 
amount  of  silicone  used  was  increased,  these 
data  fail  to  show  that  the  silicones  used  are 
effective  water-reducing  agents. 

The  use  of  silicones  as  admixtures  had  some 
effect  on  the  air  content  of  the  concrete. 
Table  3  gives  the  amount  of  air-entraining 
agent  needed  in  the  mixes  prepared  with  the 
silicone  admixtures  as  a  percentage  of  the 
amount  of  agent  needed  in  the  control  con- 
crete made  on  the  same  day.  The  same  data 
are  also  shown  in  the  upper  portion  of  figure  3. 
In  general,  when  mixes  were  prepared  with  less 
than  0.2  of  a  percent  of  total  silicone  solids, 
less  air-entraining  agent  was  needed  than  had 
been  used  in  the  control  mix.  However,  for 
mixes  prepared  with  larger  amounts  of  the 
silicones,  more  air-entraining  agent  was  re- 
quired than  for  the  control  mix.  With  one 
exception,  more  air-entraining  agent  was  re- 
quired for  all  mixes  prepared  with  silicone  D. 
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SODIUM      METHYLSILICONATES 
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Figure   1. — Infrared  spectra  of  silicone  admixtures. 
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Figure  2.— Effect  of  silicone  on  reduction  in  amount  of  mixing 
water — based  on  control  mix. 
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Figure  3. — Effect  of  silicones  on  amount  of  AE  agent  needed  and 
of  one  silicone  on  unit  weight  of  concrete. 
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Figure  5. — Effect  of  silicones  on  compressive  strength  at  28  days. 
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Table  3.— Mix  data 


Percent  by 
wl.  of 

Ct  III!  Ill 

.1. 
ii  20 
.40 

.till 


/:■ 


0.01 
.  1 12 
.05 
.  10 
.30 
..SO 


ii  02 
.  0.ri 
.10 
.20 
.30 
10 
.50 


0.02 
.05 

.1(1 
.20 

.50 


0.01 
.02 
.04 
.  II) 
.25 
.50 


0.02 
.10 
.20 
60 

Ml 

1.00 


(I  III 

.20 

.27 
.40 
.CO 
1.33 


0.  10 
.  50 
1   III) 


0     ' 
o) 

C(    llll   HI 

10 


n  .-) 
in 

15.11 

25.  0 


1.0 
2.5 
5.0 
10.0 
15.0 
20  ii 
25.0 


1.1) 
2.5 
5.  (I 
in  I) 
25.0 


0.5 
1.0 
2.0 

5.  (I 
12  5 
25  i) 


1.0 
5.0 
10.0 

30  ii 
in  ii 
50.0 


1.5 
7.5 
10.(1 
15.0 
20.0 
50.0 


10.0 
50.0 
100.0 


3.  I 


2.5 

2  'i 

3.1 

3.2 

3.0 

3.1 

3.3 

3.2 

3.2 

3.2 

2.6 

2.9 

2.5 

3.0 

2.5 

3.0 

2  7 

2  8 

_'  8 

2.9 

3.  0 

3.0 

3.7 

1  L> 

2.7 

3.3 

3.  2 

3.0 

3.5 

3.0 

3.5 

3.2 

3.4 

4.7 

4.2 

■2.  9 

2.5 

2.5 

3.0 

3.0 

Pet. 

2  9 

2.  '.i 
0 


0.5 
1.4 
n  '.i 
5.4 
8.4 
9.9 


1.6 
1.6 
1.5 
3.0 
3.0 
3.(1 
1.1 


0 
0 
3.0 

I).  5 
0 


0.4 
O.C 

II.  9 
1.5 
I)  1 
6  0 


0 

0.5 

2.5 

3.8 

3.3 

1.5 


0.9 
5.1 
1.5 
3.  1 

4.2 
2.1 


0.6 
5.4 
5.4 


Pet. 

5.3 
5  7 
4.9 


5.3 
5.5 
4.7 
4.9 
5.0 
5.5 


5.0 
.-,  2 
5.0 
5.0 

5  o 

5.1 


5.0 
5.4 

5.5 
5.1 
5.4 


5.9 
6.0 

ii  s 
8.0 
4.7 
4.5 


7.2 
6.  s 
6.0 
4.2 

4.5 
I  5 


6.3 

9± 

y± 

8.0 

5.1 
5.1 


5.0 
8.5 
5.0 


I'll. 

1(11) 
111(1 
75 


94 
94 

Kill 
so 
120 

Hill 


93 
93 
Ml 
100 
117 
125 
174 


Kill 
120 
117 
121) 
140 


65 
70 
SI) 
iss 
200 
167 


70 
70 
80 
287 
137 
313 


50 

II 

Ml 

200 
100 
201) 


60 
187 
125 


■S2P 


U.I 

cu.  ft. 


148.7 
140.  4 
144.2 
142.0 

139.5 
135.  9 


i  Control  mix  (average  properties 
Proportions,  94-200-300. 

(  Vment,  6.0  bags  per  cubic  yard. 

Slump,  3.0  inches. 

Water,  5.58  gal.  per  bag. 

Air-entraining  agent,  20.7  nil.  per  bag. 

Weight  of  hardened  concrete,  149.1  lb.  per  cu.  ft. 

\n  content,  5.2  percent. 

2  Based  on  total  solids  for  each  silicone,  from  informal  ion 
furnished  by  the  producers.  30  percent  solids  for  silicones  1, 
B,  C,  IK  P..  and  F,  40  percent  for  silicone  O  and  15  percent 
lor  silicone  //, 

3  Reduction  in  water  as  compared  with  that  required  for 
the  control  mix  made  on  the  same  day. 

1  Relative  amount  of  air-entraining  agent  used,  amount 
used  in  control  mi\  considei  ed  100  percent 

s  Weight  determined  on  cylinders  prior  to  testing  for  com- 
pressive strength. 


When  silicone  E  was  used,  the  concrete 
expanded  during  the  hardening  process; 
when  the  largest  amount  of  silicone  E  (0.5 
of  a  percent  of  solids  by  weight  of  cement)  was 
u  i  'I  I  lie  concrete  expanded  1  inch  above  the 
tops  <>f  llii'  6-  by  12-inch  cylinder  molds. 
The  air  content  of  this  plastic  concrete, 
determined  immediately  after  its  mixing,  was 
4.5  percent.  The  unit  weight  of  the  hardened 
concrete  for  each  of  the  mixes  prepared  with 
silicone  E  was  determined  on  the  cylinders 
prior  to  their  being  tested  for  compressive 
strength.  These  weights  are  shown  in  table  3 
and     the     lower    portion     of    figure     3.      The 
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weight  of  the  control  concrete  was  149.1 
pounds  per  cubic  foot,  whereas  the  weight  of 
the  concrete  prepared  with  0.5  percent  silicone 
solids  was  only  135.9  pounds  per  cubic  foot. 
As  the  weights  of  the  two  plastic  concretes 
immediately  after  mixing  were  nearly  the 
same,  the  concrete  containing  0.5  of  a  percent 
potent  of  silicone  solids  expanded  about  10 
percent. 

Tests  were  made  to  determine  the  cause  of 
the  expansion  of  the  concrete  prepared  with 
silicone  E.  It  was  found  that  when  a  silicone 
E  solution  is  treated  with  saturated  limewater, 
it  hydrolyzes  and  produces  a  mixture  of 
alcohol  containing  perhaps  both  the  methyl 
and  ethyl  types.  As  the  parent  silicone  is  an 
ester,  such  hydrolysis  would  be  expected. 
The  same  result  could  lie  expected  when 
silicone  E  is  added  to  concrete  where  lime  is 
immediately  produced  by  the  reaction  of 
cement  with  mixing  water.  If  the  alcohols 
are  produced  in  a  gaseous  form,  this  would 
account  for  the  foaming   (swelling)   observed. 


Retardation  of  Setting  Time 

The  effect  of  different  amounts  of  the 
silicone  solutions  on  the  retardation  of  the 
setting  time  of  the  concrete  was  determined 
by  use  of  the  Proctor  penetration  test  ( ASTM 
C  403).  This  test  was  made  as  described  in 
reference  S.z  Retardation  is  the  difference  in 
time  required  for  concrete  prepared  with  the 
silicone  admixtures  and  the  control  concrete' 
made  on  the  same  day  to  support  penetration 
loads  of  500  p.s.i.  The  results  of  these  tests 
are  shown  in  table  4.  Readings  were  taken 
at  regular  intervals  for  about  15  hours  or 
until  about  11  p.m.  If  the  test  specimens  had 
not  reached  a  penetration  load  of  500  p.s.i. 
by  that  time,  the  readings  were  resumed  the 
next  morning,  but  the  concrete  usually 
hardened  before  then. 

The  results  of  these  tests  for  a  penetration 
load  of  500  p.s.i.  are  shown  in  figure  1. 
When  silicones  B,  C,  D,  E,  or  F  were  used  in 
amounts  of  only  0.05  of  a  percent  of  silicone 
solids,  the  retardation  was  approximately  6 
hours.  When  0.2  of  a  percent  of  silicone 
solids  was  used,  the  retardation  was  probably 
about  12  hours.  It  is  estimated  that  a 
further  increase  in  the  amount  of  silicone 
used  would  cause  only  a  small  increase  in 
the  retardation.  It  was  estimated  that  if 
0.5  of  a  percent  of  solids  were  to  be  used  the 
retardation  would  be  between  15-20  hours. 
These  five  silicones  are  considered  to  retard  the 
setting  of  the  concrete  more  than  would  be 
desirable  for  normal  construction  purposis. 

The  use  of  0.2  of  a  percent  of  solids  of 
silicones  .4  and  G  retarded  the  setting  of  the 
concrete  4  hours  and  three-fourths  of  an  hour 
respectively,  based  on  a  500  p.s.i.  load  in  the 
Proctor  test.  Silicone  H  had  no  appreciable 
effect  on  the  retardation  of  the  concrete. 


3  Water-Reducing  Ttetarders  lur  Concrete,  by  W.  E.  Qrieb, 

G.  Werner,  and  1).  O.  Woolf,  Public  Roads,  vol.  31,  No.  6, 
Feb.  1961,  pp.  136-152. 


Table      4.- 

-Results      of     re 

tardation      am 

1 

strength   tests 

Silicone, 
total 
solids 

Air 

Proctor 
penetration 
test,  retarda- 
tion at  500 

p.s.i, i 

Crushing2  strength 
at— 

7  days 

28  days 

Percent 

by  lit.  of 

cement 

A: 

0.20 

.40 

.60 

l'i a  i  ni 

Hr.,  Min. 

Percent 

Percent 

' 

5.3 

5.7 
4.9 

4:15 
6:15 

6:30 

107 
104 
100 

-     114 
108 
111 

B: 

0.01 
.02 
.05 
.10 
.30 
.50 

5.3 
5.5 
4.7 
1  9 
5.0 
5.5 

1  :«) 
2:30 
6:45 
*  12 

104 
105 
112 
116 
110 
107 

104 
104 
106 
119 
114 
111 

C: 

0.02 
.05 
.10 
.20 
.30 
.40 
.50 

5.0 
5.2 
5.0 
5.0 
5.0 
5.5 
5.1 

2:35 
6:35 

<  11:30 

107 
108 
108 
113 
109 
109 
106 

105 
108 
113 
112 
110 
1119 
104 

<  15 

D: 

0.02 
.05 
.10 
.20 
.50 

5.0 
5.4 
5.5 
5.1 
5.4 

1:10 
5:00 
9:45 

100 
102 
112 
105 
100 

103 
103 
110 
106 
99 

E: 

0.01 
.02 

.04 
.10 
.25 
.50 

5.9 
6.0 
6.8 
8.0 
4.7 
4.5 

2:20 
5:15 
8:40 

106 
102 
100 
65 
21 
18 

104 
99 
91 
67 
18 
17 

F: 

0.02 
.10 
.20 
.60 
.80 

1.  00 

7.2 
6.8 
0.0 
4.2 
4.5 
4.5 

3:45 

*  10 

*  11 
4   JO 

95 
97 
114 
113 
102 
93 

99 
95 
109 
111 
99 
95 

G: 
0.04 
.20 
.27 
.40 
.60 
1.33 

6.3 
3  9± 

3  9± 

8.0 
5.1 
5.1 

0:35 
0:40 
1:35 
1:40 
2:10 
3:15 

95 
77 
72 
102 
107 
98 

92 
79 
69 
101 
111 
99 

II: 

0.10 
.50 
1.  00 

5.0 
8.5 
5.0 

I) 
0:20 

0:05 

100 
79 
90 

96 

78 
90 

1  Retardation  is  delay  in  time  of  hardening  of  eoncre 
containing  silicones  as  compared  with  contrcl  concrete  ma 
on  the  same  days.    Average  time  for  control  concrete  to  rea 
Proctor  penetration  load  of  500  p.s.i.  was  4  hrs.  15  inin.,  at 
for  4,000  p.s.i.  was  7  hrs.,  20  min. 

2  Strength  expressed  as  ratio  (in  percent)  of  the  strength 
the  concrete  containing  silicones  to  the  strength  of  the  cont 
concrete  made  on  the  same  day.     Average  strength  of  conti 
concrete  was  4,140  p.s.i.  at  7  days  and  5,220  p.s.i.  at  28  da; 

s  Air  content,  high,  strength  values  disregarded. 
4  Time  estimated. 

Strength    Tests 

Compressive  strength  tests   were   made 

ages  of  7  and  28  days  on  concrete  prepar 

with  different  amounts  of  the  silicone  admi 

tures.     These  strengths  were  compared  wi 

the  strengths  of  the  control  concrete  made  ai 

tested   on    the   same   days.     In   table    1.    t 

strength  of  the  concrete  prepared  with  silico 

admixtures  is  given  as  the  percentage  of  th 

of  the  corresponding   control  concrete.     T 

relative  compressive  strengths  at  28  days  a 

shown  in  figure  5. 

Concretes  prepared  with  silicones  .1,  B. 

and  D  (the  sodium  methyl  siliconates)  regar 

less  of  the  amount  used  had  higher  strengt 

than    the    control    concrete,    except    for    o 

mixture. 
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When  silicone  E  was  used  in  amounts  of 
ess  than  0.02  of  a  percent  of  solids,  the 
strengths  of  these  concretes  were  slightly 
ligher  than  those  of  the  control  mix.  When 
imounts  of  silicone  solid  greater  than  0.02  of 
i  percent  were  used,  the  strengths  decreased 
considerably  as  the  amount  of  silicone  used 
,vas  increased.  When  0.50  of  a  percent  of 
,olids  was  used,  the  strength  of  concrete 
sontaining  silicone  E  was  only  18  percent  of 
hat  of  the  corresponding  control  mix.  This 
oss  in  strength  was  related  to  the  foaming  of 
he  concrete  previously  mentioned. 

For  several  of  the  mixes  containing  silicones 
i1  and  G,  the  strengths  were  lower  than  that 
f  the  control  concrete.  However  an  exam- 
nation  of  the  data  shows  that  these  mixes 
ontained  6.0  percent  or  more  air. 

Only  three  different  amounts  of  silicone  H 
vere  used.  When  0.50  of  a  percent  of  solids 
I  this  material  was  used,  a  reduction  in 
trength  of  21  percent  was  obtained,  but  this 
nix  had  an  air  content  of  8.5  percent.  The 
[•ther  two  mixes  containing  silicone  H  both 
howed  slight  reductions  in  strength.  With 
he  exception  of  silicones  E  and  H,  an  opti- 
ttum  amount  appears  to  exist  at  which  the 
ther  silicones  provide  the  maximum  strength. 

Mboratory    Freezing    and    Thawing 

Laboratory  freezing  and  thawing  tests  were 
nade  on  some  of  the  mixes  included  in  the 
trength  tests.  These  tests  were  made  on 
t-  by  4-  by  16^-inch  beams,  which  were  frozen 
D  air  and  thawed  in  water  in  accordance 
vith  ASTM  Method  C  291.  These  tests  were 
lontinued  through  1,000  cycles  of  freezing  and 
hawing;  at  300  cycles  only  one  of  the  mixes 
howed  a  loss  in  N2  of  more  than  10  percent. 
Table  5  gives  the  durability  factors  of  the 
oncretes  prepared  with  the  different  silicones 
t  1,000  cycles  and  the  durability  factor  of  the 
ontrol  mix.     In  addition,  the  relative  dura- 

...  tility  factor  is  also  given  for  each  mix.     This 

m  the  ratio  of  the  durability  factor  of  the 
ilicone  concrete  to  the  durability  factor  of 
he  control  mix.  A  relative  durability  of  80 
>enent  or  more  for  concrete  prepared  with 
dmixtures  is  acceptable.  This  durability  is 
pecified  in  AASIIO  Specification  M  154  for 
ir-entraining  admixtures  and  is  contained  in 
he  proposed  specification  for  retarders  made 
y  the  Subcommittee  Ill-h  of  ASTM  Com- 
aittee  C-9  (ASTM  Designation  C  494-62  T). 
)n  the  basis  of  durability,  all  of  the  silicones 
sed  are  acceptable.  Although  there  appears 
io  be  an  optimum  amount  of  silicone  admix- 
ure  for  obtaining  maximum  durability,  these 

lirests    were    too    limited    to    determine    this 

i  [uantity. 


On  tdoor  Scaling  Tests 

Outdoor  exposure  tests  were  made  on  16- 
>y  24-  by  4-inch  slabs  to  determine  the  effect 
ilicone  admixtures  have  on  the  resistance  of 


concrete  to  scaling  caused  by  de-icing  agents. 
A  description  of  the  test  is  given  in  re  fere  nee 
2,  results  also  are  given  for  tests  in  which  a  sili- 
cone similar  to  silicone  A  was  used.  Those 
tests  showed  that  the  use  of  silicone  in  proper 
amounts  was  effective  in  preventing  scaling. 
Similar  exposure  tests  were  made  on  concretes 
in  which  silicones  B  and  C  had  been  used.  At 
the  time  this  article  was  prepared  these  speci- 
mens had  been  exposed  for  only  one  winter. 
At  the  last  inspection  neither  the  control  slabs 
nor  the  slabs  containing  silicone  showed  any 
appreciable  scaling.  All  slabs  were  given  a 
rating  of  less  than  2.  These  tests  are  being 
continued. 

Summary 

Use  of  the  four  silicones  classified  as  sodium 
methyl  siliconates — silicones  A,  B,  C,  and 
D — gave  the  best  results.  These  were 
all  furnished  in  about  the  same  concentra- 
tion, about  30  percent  solids.  Three  of 
these  silicones,  B,  C,  and  D,  retarded  the  set- 
ting time  of  the  concrete  much  more  than 
would  be  desirable  for  ordinary  usage. 

From  the  available  data,  if  these  three  sili- 
cones had  been  used  in  amounts  of  0.2  of  a 
percent  of  silicone  solids  by  weight  of  the 
cement,  the  retardation  of  set  would  have  been 
more  than  10  hours.  Use  of  this  same  amount 
of  silicone  A  caused  retardation  of  only  4 
hours.  Concretes  having  10  to  20  percent 
higher  strength  than  the  control  mixes  were 
obtained  from  mixtures  prepared  with  each  of 
these  four  silicones.  The  most  favorable  re- 
sults were  obtained  by  use  of  0.1  to  0.2  of  a 
percent  of  silicone  solids.  Freezing  and  thaw- 
ing tests  in  the  laboratory  showed  concretes 
prepared  with  silicones  A,  B,  and  C  to  have 
practically  the  same  or  greater  durability  than 
the  control  concrete.  Tests  for  durability 
were  not  made  on  concretes  prepared  with 
silicone  D  because  of  the  lack  of  material. 

The  two  silicones  classified  as  alkyl  silane 
esters,  silicones  E  and  F  were  unstable.  It  was 
not  possible  to  determine  the  amount  of  total 
solids  in  these  solutions  because  of  the  vola- 
tility of  the  silicone  materials.  These  two 
silicones  used  as  an  admixture'  caused  excessive 
retardation  of  the  setting  time  of  the  concrete. 
Silicone  E  caused  a  reduction  in  the  strength 
of  concrete  by  foaming  during  hardening. 
There  was  a  corresponding  reduction  in  the 
weight  of  the  hardened  concrete.  Concrete 
prepared  with  silicone  F  had  strengths  10  to 
15  percent  greater  than  that  of  the  control 
concrete  when  0.2  to  0.6  of  a  percent  of  solids 
were  used.  There  is  no  apparent  reason  for 
the  differences  in  the  behavior  of  these  two 
similar  materials.  Concrete  prepared  with 
either  of  these  materials  had  good  durability 
but  only  a  few  mixes  were  tested  and  these 
all  contained  more  air  than  the  control 
concrete. 

The  use  of  silicones  G  and  H,  which  were 
classified    as    silicone    resin    emulsions,     had 


Table  5. — Laboratory  freezing  and  thawing ' 
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i  Each  value  is  an  average  of  tests  on  three  3-  by  4-  by  6- 
inch  beams.  Beams  were  frozen  and  thawed  in  accordance 
with  ASTM  Method  C  291. 

2  Durability  factor  based  on  loss  in  N2  after  1,000  cycles  of 
freezing  and  thawing. 

3  Relative  durability  factor  is  the  ratio  in  percent  of  the 
durabilitj  factoi  of  the  concrete  containing  silicone  to  the 
durability  factor  of  the  control  concrete  made  on  the,  same 
day. 


beneficial  effects  on  the  properties  of  the 
concrete  only  in  isolated  cases.  Their  use 
provided  unpredictable  results  on  reduction 
in  mixing  water  and  air  content.  It  appears 
that  if  either  were  to  be  used  in  construction, 
very  careful  control  of  the  amount  of  silicone 
would  be  required.  Silicone  G  caused  only 
a  modest  amount  of  retardation  of  setting 
time  of  concrete,  however  silicone  //  had 
practically  no  effect.  When  used  in  amounts 
that  did  not  cause  excessive  amounts  of 
entrained  air,  concretes  containing  each  of 
these  silicones  had  90  to  109  percent  of  the 
strength  of  the  control  concrete.  Only  one 
concrete  prepared  with  silicone  G  was  tested 
for  resistance  to  freezing  and  thawing. 
Although  this  concrete  had  low  strength,  its 
air  content  was  high  and  the  relative  dura- 
bility was  almost  equal  to  that  for  the  control 
concrete. 

The  retardation  of  the  setting  time  offers 
a  problem  that  must  be  resolved  before  this 
material  can  be  used  commercially.  However, 
the  tests  reported  here  show  that  when  some 
of  these  silicones  are  used  as  admixtures  in 
concrete,  both  the  strength  and  durability  of 
the  concrete  will  be  improved. 
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Relation  of  Asphalt  Ductility 
To  Pavement  Performance 


BY  THE  MATERIALS  RESEARCH  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  by1  WOODROW  J.  HALSTEAD, 
Supervisory  Chemist 


Introduction 

SINCE  ITS  introduction  in  1903  the  ductil- 
ity test  for  asphalts  has  been,  and  still  is, 
controversial.  Some  asphalt  technologists 
believe  that  the  test  is  an  indication  of  a 
necessary  property  of  asphalt  related  some- 
what to  its  adhesive  properties  or  stickiness, 
but  others  consider  the  present  laboratory  test 
for  ductility  of  no  value  for  indicating  the 
potential  quality  of  an  asphalt  as  a  paving 
material. 

A  review  of  the  literature  offers  support  for 
both  of  these  divergent  views.  These  contra- 
dictions suggest  a  need  for  a  careful  evaluation 
of  the  significance  of  the  ductility  test  and  its 
relation  to  other  properties  of  the  asphalt 
cement  and  a  restudy  of  some  of  the  available 
data  to  determine  if  there  is  a  satisfactory 
explanation  for  the  opposing  viewpoints. 

This  article,  which  is  part  of  a  general 
symposium  on  the  properties  of  asphalt  that 
affect  pavement  performance,  emphasizes  the 
advantages  of  considering  the  ductility- 
penetration  relationship  of  an  asphalt  in 
evaluating  the  effect  of  the  asphalt  character- 
istics on  pavement  performance.  When  avail- 
able data  are  analyzed  on  this  basis,  there  is  a 
strong  indication  that  the  consistency  at  which 
the  asphalt  begins  to  lose  ductility  rapidly  and 
the  temperature  at  which  such  consistency 
occurs  is  a  significant  relationship.  Because 
for  some  asphalts  this  point  occurs  at  a  rela- 
tively low  penetration  (or  temperature) 
indications  are  that  factors  other  than  ductil- 
ity, as  measured  in  the  laboratory  test,  control 
pavement  performance,  hence  the  conclusion 
is  often  reached  that  ductility  is  unimportant. 

Summary 

The  amount  of  hardening  of  the  asphalt 
during  construction  and  the  rate  of  hardening 
in  service  are  the  primary  factors  affecting 
durability  of  a  pavement.  However,  the  data 
discussed  in  this  article  demonstrate  that  the 
accompanying  decrease  in  ductility  of  the 
asphalt  is  an  important  secondary  factor  that 
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This  article  provides  a  critical  review  and  restudy  of  published  data  as  well 
as  previously  unpublished  data  concerning  the  relation  of  asphalt  ductility  to 
pavement  performance. 

The  author  points  out  that  the  consistency  at  which  the  asphalt  begins  to 
lose  ductility  rapidly  and  the  temperature  at  which  such  consistency  occurs 
is  a  significant  relationship.  The  analysis  of  the  data  further  indicates  that, 
although  an  accelerated  laboratory  test  is  not  available  to  accurately  predict 
the  ductility -penetration  relationship  of  an  asphalt  in  service,  the  ductility- 
penetration  curve  of  the  thin  film  residue  provides  a  useful  means  for  differ- 
entiating between  asphalts  and  detecting  those  materials  most  likely  to  give 
unsatisfactory  service.  Requirements  for  minimum  ductility,  at  77°  F.,  of  the 
residue  from  the  thin  film  oven  test  serve  to  eliminate  potentially  unsuitable 
materials. 


must  not  be  overlooked.  Pavements  contain- 
ing asphalts  having  penetrations  in  the  range 
normally  considered  satisfactory  (30  to  50) 
but  having  low  ductilities  are  likely  to  show 
poorer  service  than  pavements  containing 
asphalts  of  the  same  penetration  but  having 
high  ductilities. 

The  physical  characteristics  of  the  pave- 
ments, such  as  void  content  and  permeability, 
and  the  environmental  factors  greatly  affect 
the  hardening  rate  of  the  asphaltic  binder  as 
well  as  the  degree  of  oxidation  during  pave- 
ment service.  Consequently,  an  accelerated 
laboratory  test  to  accurately  predict  the 
ductility-penetration  relationship  or  the 
change  in  the  ductility-penetration  relation- 
ship of  an  asphalt  in  service  is  not  available. 
However,  the  ductility-penetration  curve  of 
thin  film  residue  provides  a  useful  means  for 
differentiating  between  asphalts  and  detecting 
those  materials  most  likely  to  develop  un- 
satisfactory characteristics.  Requirements 
for  minimum  ductility  of  the  thin  film  residue 
at  77°  F.  based  on  the  critical  curve  illustrated 
in  this  article  serve  to  eliminate  such  poten- 
tially unsuitable  materials.  Recently  adopted 
limits  for  ductility  of  the  thin  film  residues  in 
the  AASHO  specifications  are  based  on  this 
curve.  These  specifications  have  a  minimum 
of  50  cm.  for  thin  film  residue  of  the  60-70 


grade,  75  cm.  for  the  85-100  grade,  and  100 
cm.  for  all  softer  grades. 

Further  research  is  needed  to  establish  the 
optimum  conditions  of  the  ductility  test. 
The  conditions  of  the  77°  F.  test  at  5  cm.  per 
minute  may  not  provide  the  most  useful 
information.  Other  temperatures,  speeds  of 
pull,  or  even  shapes  of  specimens  may  prove 
to  be  more  useful,  but,  until  research  data 
are  available  to  define  the  optimum  condition 
of  the  test,  test  requirements  for  the  ductility 
of  the  thin  film  residue  at  77°  F.  should  be 
retained. 

More  research  is  also  needed  to  clearly 
define  the  significance  of  ductility  in  relation 
to  pavement  behavior.  An  asphaltic  pave- 
ment is  subject  to  extremely  wide  temperature 
changes  in  service  and  the  ductility  of  the 
asphalt,  as  measured  by  the  present  laboratory 
test,  can  vary  from  zero  to  values  exceeding 
the  limits  of  the  ductilometer.  Therefore,  it 
is  most  likely  that  the  ability  of  the  asphalt  to 
undergo  elongation  is  not  the  primary  char- 
acteristic affecting  durability  but  rather  that 
the  ductility  test  result  is  an  indication  of  an 
internal   phase   relationship   of   the    asphaltic 


I  Presented  at  a  meeting  of  the  Association  of  Asphalt 
Technologists,  San  Francisco,  Calif.,  February  1963. 
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(.,,ii-  which  in  turn  have  an  importanl 

ring  on   the   serviceability   factors   of  the 
alt. 

Established  Ductility -Penetration 
Relationships 

The  general  relations  of  the  ductility  test 
results  to  lest  temperatures  and  consistencies 
,,!'  the  asphalt  and  the  variations  of  these 
relationships  according  to  source  or  method  of 
refining  of  the  asphalt  have  been  shown  in 
published  reports. 

Figures  1  and  2,  taken  from  a  report  by 
Lewis  and  Welborn  presented  before  the 
Association  of  Asphalt  Paving  Technologists 
in  January  1940  (?)  2  show  respectively  the 
variation  of  ductility  in  relation  to  changes  in 
test  temperatures  and  the  penetrations  of  the 
asphalts.  The  significant  feature  of  these 
curves  is  the  many  queer  shapes  that  were 
obtained  for  asphalts  from  different  sources 
when  smooth  curves  were  drawn  to  fit  the 
data  points.  The  differences  in  shape  could 
be  considered  as  indicative  that  the  ductility 
as  measured  by  the  laboratory  test  at  77°  F. 
has  no  true  significance,  but  closer  considera- 
tion shows  that  essentially  all  the  curves  have 
some  common  characteristics. 

The  curves  for  each  asphalt  manufactured 
by  vacuum  or  steam  reduction  show  that 
ductility  increased  sharply  as  test  tempera- 
tures or  penetrations  were  increased  until  a 
maximum  was  reached;  upon  further  increase 
in  temperature  or  penetration  the  ductility 
decreased,  but  usually  at  a  slower  rate. 
Ductility  of  some  asphalts  increased  more 
gradually  than  others  in  relation  to  tempera- 
ture. Although  information  about  the  manu- 
facturing processes  for  these  asphalts  is 
incomplete,  some  oxidation  is  believed  to  have 
been  used. 

When  the  curves  are  viewed  separately, 
no  significant  difference  is  apparent  between 
the  shapes  of  the  curves  for  ductility  against 
temperature  shown  in  figure  1  or  for  ductility 
against  penetration  shown  in  figure  2.  How- 
ever, the  relative  positions  of  the  curves  for 
different  asphalts  are  different  and  this  is 
important  when  the  behavior  of  one  asphalt 
is  being  compared  with  another,  particularly 
if  the  materials  have  significantly  different 
consistencies  at  the  same  temperature. 

Lewis  and  Welborn  in  the  same  article 
(/)  illustrated  another  very  important  char- 
acteristic of  asphalt  ductility  that  is  often 
overlooked.  They  showed  a  plot  that  in- 
cluded data  from  ductility  tests  made  at  six 
different  temperatures  on  each  of  10  asphalts 
of  different  grades  that,  had  been  steam  and 
vacuum  reduced  from  the  same  crude  source. 
Tin-  test  temperatures  ranged  from  50°  to 
95°  F.  and  the  penetrations  at  77°  F.  ranged 
from  23  to  182.  The  total  range  in  penetra- 
tion (extrapolated)  was  6  to  I  12.  The  upper 
curve  of  figure  '.i  shows  the  test  results  for 
asphalts  that  had  penetrations  of  less  than 
70.     Despite  the  wide  differences  in  ductility 


300 


F,  200 


100 


I-  300 


y  " 

\ 

JN02 

fi 

k 

I 

NO  6 
1 

\ 

— oo— ' 

J 

>N0  9 

0 
— * 

^-O     .. 

NO  8 

i 

200 


<S> 

(£    100 


i=      0 

g300 
o 

m 
>--200 


o  100 

Q 


1 

,-   N0.I4 

f    \ 

\ 

k 

yS      y - 

b7 

i   N0.I6 

r 

/7°\ 

N0.28 

j 

1    \ 

/NO  27 

O 

^^-< 

J 

iNO.32- 

u 

[NO  33 

'NO  39 

1    N' 

X 

/ 

! 

-X 

/ 

/""     ' 

„N040 

/ 

\ 

— xx«=^ 

J 

I—* 

32 


50  68  86  104     32  50  68  86         104    32  50  68  86  104 

TEMPERATURE  -  DEGREES    F. 


Figure  1. — Relation  between  ductility  and  test  temperatures  of  selected  samples  of  50' 
60  penetration  asphalts. 
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Figure  2. — Ductility-penetration  relation  of  selected  samples  of  50-60  penetration  grade 
asphalts,  tested  at  different  temperatures. 
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it  the  different  temperatures  or  for  the 
lillVrent  grades  of  asphalt  at  the  same  tem- 
perature, the  data  form  a  single  ductility- 
penetration  curve.  The  lower  curve  in  figure 
3,  based  on  data  reported  by  Lewis  and 
Halstead  (2),  shows  that  the  residues  from 
the  thin  film  oven  tests  for  these  same  asphalts 
ilso  form  a  single  curve,  even  though  the 
isphalts  were  of  different  grades  and  tests 
were  made  at  different  temperatures.  This 
same  relationship  is  generally  true  for  all 
series  of  steam  or  vacuum  reduced  asphalts 
refined  from  the  same  source.  However, 
when  oxidation  (blowing),  cracking,  or  other 
refinery  techniques  are  employed,  Lewis  and 
Halstead  showed  that  the  ductility  for  as- 
phalts having  the  same  penetration  may  differ 
significantly  according  to  the  grade  of  the 
asphalt.  Figure  4  shows  data  for  the  duc- 
tility-penetration relationships  for  original 
asphalts  and  residues  from  the  thin  film  test 
for  each  of  three  grades  of  asphalts  obtained 
from  the  same  source  and  that  had  positive 
spots  in  the  Oliensis  test.  The  data  for  each 
grade  of  material  form  a  separate  curve,  but 
sach  of  the  curves  for  the  residue  is  below  the 
curve  for  the  original  asphalt  of  the  cor- 
responding grade. 

Additional  data  to  illustrate  the  basic  rela- 
tions between  the  ductility  and  penetration 
jf  asphalts  after  different  treatments  arc 
available   from    unpublished   test   results   ob- 


tained in  1940  by  Committee  3A  of  the  Asso- 
ciation of  Asphalt  Paving  Technologists 
(A APT).  In  this  cooperative  effort,  several 
laboratories,  including  the  Bureau  of  Public 
Roads,  conducted  studies  of  nine  asphalts. 
Test  included  the  determination  of  the 
penetration  and  ductility  of  (1)  the  original 
materials,  (2)  the  asphalts  after  several 
accelerated  weathering  tests,  including  oven 
heating  and  oxidation,  and  (3)  the  asphalts 
all.  i  their  recovery  from  laboratory  mixtures 
made  and  aged  under  different  conditions. 
Figure  5  shows  the  data  obtained  by  the 
Bureau  of  Public  Roads  for  the  ductility- 
penetration  relationship  of  asphalts  from  two 
sources — a  California  crude  and  a  midcon- 
tinent  crude;  both  had  been  refined  by  the 
steam  and  vacuum  process.  The  data  points 
shown  were  obtained  by  use  of  a  50-60  and 
an  85-100  grade  asphalt  from  each  source. 

Only  a  limited  number  of  definite  data 
points  are  available  for  the  California  asphalts 
as  most  of  the  ductility  results  were  more 
than  250  cm.  However,  the  available  points 
illustrate  the  extremely  rapid  decrease  in 
ductility  known  to  be  typical  of  asphalts  from 
this  source.  Different  conditions  of  hardening 
the  asphalts  did  not  materially  affect  the 
penetration  at  which  the  rapid  decreases  in 
ductility  occurred. 

The  data  points  for  the  midcontinent 
asphalts  show  that  the  asphalts  from  all  tests 


retained  approximately  the  same  ductility- 
penetration  relationship.  However,  the  I » 
agreement  with  the  general  curve  shown  is 
indicated  by  the  data  for  the  5-hour,  thin 
film  test  for  the  asphalts  recovered  from  the 
pavement  samples  and  asphalts  recovered 
from  laboratory  mixtures  aged  under  different 
conditions.  The  significant  deviations  from 
the  general  curve  can  be  explained  by  the 
degree  of  oxidation  that  occurred  under  the 
different  conditions.  Data  points  for  the 
original  asphalts  and  residues  from  the 
standard  loss  test,  where  oxidation  was  very 
limited,  generally  fall  above  the  plotted  curve. 
Data  for  the  18-hour  thin  film  and  oxidation 
residues,  tests  in  which  oxidation  can  be  a 
major  factor,  fall  below  the  plotted  curve. 


Interpretation  of  Dnctility- 
Penetra tion  Rela tionsh ('/>*. 

The  relationships  given  in  figures  1  through 
5  provide  a  basis  for  the  interpretation  of 
ductility  data  from  tests  made  on  the  original 
asphalts;  on  the  residues  from  accelerated 
weathering  tests,  such  as  the  thin  film  oven 
test;  and  on  asphalts  recovered  from  pavement 
samples.  These  figures  illustrate  that  as- 
phalts from  the  same  source  have  the  same 
ductility  for  equal  consistencies,  unless  oxida- 
tion or  other  significant  changes  have  occurred 
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Figure  3. — Ductility -penetration  relation  for  asphalts  of 
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and  vacuum  distillation. 
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Figure  4. — Ductility -penetration  relation  for  asphalts  of 
different  grades  prepared  from  the  same  crude  that  had  some 
cracking  and  blowing  during  the  manufacture. 
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Table  1.— Characteristics  of  asphalts  recovered   from   Kansas   Experimental  Projects 


Sample 

Age  when 
sampled 

Penetration 

at  77°  F., 

100  g.,  5  sec. 

Ductility, 

5  cm.  per  min. 

at  77°  F. 

Performance  2 

rating  at  72 

months 

ilt  .  1: 

Months 

10 
26 
27 
27 
72 
72 

10 
26 
27 
72 
72 

10 
26 
27 
72 
72 

10 
26 
27 
72 
72 

10 
26 
27 
72 

72 

10 
26 

27 
72 
72 

62 
48 
65 
47 
35 
31 

84 
69 
62 
44 
48 

64 
57 
65 
48 
52 

46 
40 
40 
28 
29 

98 
59 
65 
43 
48 

63 
61 
43 
34 
34 

Cm. 

200+ 
197 
178 
155 
127 
30 

200+ 
200+ 

L'l ill  | 
250+ 
250+ 

200+ 
200+ 
200+ 
250+ 
250+ 

10 
8 
9 
4 

4 

168 
150 

178 
71 
94 

194 
154 

62 

14 

18 

5 

5 
4 
9 

5 
7 

1  >d                           --_  

Do                                

Do                                

Asphalt  B: 

Do                      

Asphalt  C: 

Do                                  - -- 

Do                                   .--  -    

Asphalt  D: 

Do                                       

Do                                       

Asphalt  E: 

Do                                    

Do                                       

Binder                    ... 

Asphalt  H: 

Do                                  

Do...          

Surface .           .. 

Binder .......           

'  Asphalt  from  both  surface  and  binder  course  recovered  in  same  sample.    Data  obtained  by  Kansas  State  Highway 
Commission. 

*  A  rating  of  1  is  excellent;  a  rating  of  10  denotes  complete  failure. 


Table  2. — Characteristics  of  asphalts  recovered  from  Virginia  Experimental  Project 


Sample 

Test 
temperature 

Pavement 
age 

Penetration, 
100  g.,  5  sec. 

Ductility, 
5  cm.  per  min. 

Asphalt  A: 
Original . 

0  F. 
77 
60 
50 
45 
77 
60 
50 

77 
77 
77 
77 

77 
60 
50 
77 
60 
50 

77 
77 
77 
77 

77 
00 
50 
77 
60 
55 
50 

77 
77 
77 
77 

Months 

80 
27 
13 

9 
47 
13 

9 

50 
33 
34 

28 

71 
28 
15 
44 
18 
11 

48 
38 
33 
32 

82 
31 
19 
57 
21 
15 
11 

64 
45 
39 
40 

Cm. 

250+ 
250+ 
191 

46 
250+ 

89 
8 

250+ 
250+ 
250+ 
250+ 

250+ 
154 

16 
170 

17 
5 

242+ 
125 

64 

50 

239 

229 

35 

195 

26 

9 

6 

238+ 
165 
135 
128 

Do 

Do 

Do 

Thin  film  residue     .... 

Do.. 

Do_. 

From  pavement  ' 

0 
12 
24 
48 

Do. 

Do 

Do 

Asphalt  B: 
Original... 

Do 

Do 

Thin  film  residue .  .  . 

Do 

Do 

From  pavement ' 

0 
12 
24 
48 

Do... _ 

Do 

Do 

Asphalt  C: 
Original 

Do 

Do 

Thin  film  residue     

Do 

Do 

Do 

From  pavement ' _  . 

0 
12 
24 

48 

Do. 

Do 

Do ■_.. 

Figures  given  are  averages  of  results  from  four  samples  taken  laterally  across  the  pavement  from  each  section. 


in  the  asphalt  composition.  Thus,  tt 
difference  between  ductility  at  the  same  cor 
sistency  for  original  asphalts  and  ductility  ( 
asphalts  after  accelerated  tests  or  afra 
recovery  from  the  pavement  is  a  measure  < 
the  ductility  destroyed  or  lost.  This  ductilit 
decrease  can  also  be  considered  a  measure  ( 
the  degree  of  change  caused  by  oxidation  c 
other  alterations  in  composition  of  asphalt: 
The  ductilities  for  original  asphalts  at  equivs 
lent  penetrations  can  be  obtained  by  makin 
tests  at  several  temperatures  to  establish  th 
ductility-penetration  curve. 

Because  of  the  conditions  of  the  thin  fill 
oven  test,  the  change  in  the  ductility-penetr; 
tion  relation  occurring  during  the  test  woul 
be  expected  to  be  equal  to  or  less  than  change 
in  ductility-penetration  occurring  in  the  pav< 
ment  in  use.  The  loss  of  ductility  during  th 
thin  film  test  may  then  be  considered  t 
represent  the  minimum  change  expected  i 
service  and  asphalts  that  failed  to  retai 
adequate  ductility  in  this  test  would  mos 
likely  undergo  rapid  decreases  in  ductility  i 
the  pavement.  For  asphalts  retaining  hig 
ductility  at  relatively  low  penetration  aft€ 
the  thin  film  test  (for  example,  ductility  c 
more  than  150  cm.  at  penetrations  as  low  j 
20)  loss  of  ductility  measured  by  the  labor 
tory  test  most  likely  can  be  discounted  as 
factor  in  the  pavement  behavior.  Howeve 
cracking  and  ravelling  caused  by  abnorm 
hardness  (low  penetration)  for  such  materia 
may  still  be  a  contributing  factor  in  pavemen 
performance. 

Critical  Ductility-Penetration 
Relationship 

The  foregoing  discussion  implies  that 
critical  ductility-penetration  relationshi 
exists  below  which  low  ductility  would  be 
potential  cause  of  poor  pavement  service  an 
above  which  ductility  would  not  be  a  signif 
cant  factor  affecting  pavement  durabilit 
Admittedly,  because  of  the  many  variable 
involved,  a  precise  location  for  such  a  dividin 
line  will  be  extremely  difficult  to  determin 
However,  examination  of  the  ductility-pen^ 
tration  relationships  of  asphalts  used  in  man 
pavement  evaluation  studies,  including  m 
terials  from  many  of  the  more  importa 
sources  of  highway  asphalts,  indicates  th 
most  asphalts  will  have  ductilities  for  equiv 
lent  penetrations  that  will  plot  above  tl 
dotted  curve  shown  in  figures  6  through  1 
As  will  be  discussed  later,  considerab 
evidence  indicates  that  a  ductility-penetratio 
relationship  that  plots  in  the  area  below  th 
curve  may  have  a  bearing  on  performance 
an  asphalt  in  service.  The  limiting  valu< 
of  ductility  for  the  thin  film  residues  include 
in  the  recently  adopted  AASHO  specificatioi 
for  asphalt  generally  are  based  on  relatior 
ships  shown  by  the  dotted  line  in  figs.  6 
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Relation   of  Pavement   Performanc\ 

to  Penetration-Ductility 

Relationship 

To  determine  the  extent  to  which  tl 
penetration-ductility  relationship  is  a  facte 
in   pavement   behavior,   both  published   ai 
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Figure  5. — Ductility-penetration  relation  of  residues  of  steam 
tnd  vacuum  refined  asphalts  from  the  same  source  after  harden- 
ng  under  different  conditions.     Tests  were  made  at  77°  F. 
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Figure  6. — Ductility  •penetration  relation  of  asphalts  recovered 
from  Ohio  pavements.     Tests  were  made  at  77°^F. 


■ 


several    pavement 


unpublished     data    from 
projects  were  examined. 

itjphio  study 

In  1941  the  Bureau  of  Public  Roads  and 
he  Ohio  Department  of  Highways  made  a 
oint  study  of  bituminous  concrete  pavements 
n  Ohio  (8)  in  which  factors  affecting  pave- 
nent  performance  were  considered.  One  of 
:he  conclusions  was  that,  for  the  50-60  pene- 
tration asphalts  used  in  the  asphaltic  con- 
cretes, satisfactory  service  was  not  likely  to 
iontinue  after  the  penetration  of  the  asphalt 
tad  fallen  appreciably  below  30.  The  cor- 
responding critical  ductility  was  reported  to 
De  about  10  to  13  centimeters.  The  report 
m  the  Ohio  pavements  contains  ductility  and 
penetration  data  at  77°  F.,  plotted  in  figure  6. 
1 1'A.s  can  be  seen  from  this  figure,  unsatisfactory 
service  in  Ohio  was  generally  associated  with 
low  ductility  at  penetrations  between  30 
1  tnd  50.     The  only  significant  departure  from 

'M  this  trend  being  one  project  that  was  reported 
to  be  in  good  condition  after  35  months  of 
service,    even    though    the    ductility    was    5 

Nincjcentimeters  for  a  penetration  of  44.  It  is 
coincidental  that  the  dotted  line  indicating 
ihe  location  of  the  critical  ductility-penetra- 
tion relationship  appears  to  be  the  locus  of 
;he  data  points  for  the  satisfactory  pavement. 
However,  the  important  relationship  indicated 


'    , 


is  that,  although  several  satisfactory  pave- 
ments fall  below  the  ductility-penetration 
boundary,  no  unsatisfactory  pavements 
having  penetrations  greater  than  25  were 
above  the  boundary. 

Kansas  study 

Data  given  table  1  and  plotted  in  figure  7 
illustrate  previously  unpublished  test  results 
obtained  from  an  experimental  project  in 
Kansas.  This  project  involved  six  asphalts 
from  different  sources  that  were  used  as  an 
overlay  over  old  rigid  pavement.  The  as- 
phalts were  recovered  from  samples  cut 
periodically  from  the  pavement.  The  curves 
for  each  asphalt  were  obtained  by  plotting 
the  ductility  at  77°  F.  against  the  penetration 
at  77°  F.  of  the  asphalts  recovered  from  the 
pavement  at  different  ages.  The  relative 
6-year  service  rating  of  the  sections  containing 
each  asphalt  are  shown  in  table  1.  In  the 
rating  system  used,  a  rating  of  1  indicates  no 
failure  or  cracking  whereas  a  rating  of  10 
indicates  complete  failure. 

The  section  containing  asphalt  D,  for  which 
the  ductility  was  very  low  at  penetrations  in 
the  range  of  30-40,  had  the  poorest  service 
record.  The  section  containing  asphalt  H 
also  had  low  ductility  after  the  penetration  had 
dropped   below  30,   and   it  showed   the  next 
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poorest  service.  Asphalts  A,  B,  and  C  all 
retained  ductilities  of  more  than  100  cm.  as 
well  as  relatively  high  penetrations,  and  the 
service  records  for  pavements  containing 
these  asphalts  were  generally  satisfactory. 
The  penetration-ductility  curve  for  asphalt  E 
was  approximately  the  same  as  that  for 
asphalt  H  although  the  service  records  were 
significantly  different.  However,  as  indi- 
cated, asphalt  E  did  not  harden  as  much  as  H 
in  service,  thus  it  did  not  fall  below  t  he  critical 
ductility-penetration  relationship  and  the 
pavement  containing  it  performed  satisfac- 
torily. 

The  data  points  for  the  ductility-penetra- 
tion relationship  of  the  thin  film  residues, 
shown  as  solid  dots  on  figure  7,  fall  close  to  the 
curve  for  the  asphalts  recovered  from  the 
pavement  except  for  those  for  asphalt  D. 
The  thin  film  data  points  for  this  asphalt  fall 
significantly  below  the  curve,  and  this  low 
ductility  indication  of  poor  service  was  verified 
by  actual  performance  of  the  pavement. 
Asphalt  H  would  have  been  considered  satis- 
factory on  the  basis  of  present  criteria  of 
ductility  of  the  thin  film  residue  at  77°  F. 
but  as  it  was  a  borderline  material  on  the 
basis  of  the  ductility-penetration  boundary 
suggested  in  this  article,  its  relative  rapid  rate 
of  hardening  apparently  contributed  to  poor 
!>:i\  ement  service. 
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f 

Two  Public  Roads  studies 

Figure  8  illustrates  data  obtained  by  Public 
Roads  from  two  extensive  studies  of  pave- 
ments. Projecl  A,  shown  by  the  lower  curve, 
was  subject  to  considerable  criticism  because 
of  limited  areas  of  severe  failure  that  occurred 
between  J  and  3  years  of  service.  The  study 
of  this  project  indicated  a  relatively  low 
asphalt  content  in  relation  to  the  amount  of 
line  aggregate  present,  and  some  localized 
base  failures  were  also  observed.  However, 
the  low  ductility  of  the  asphalts  at  relatively 
high  penetrations  is  believed  to  have  con- 
tributed significantly  to  the  rapid  failure  of 
the  pavement  observed  in  localized  areas  once 
initial  cracking  occurred. 

Project  15  indicated  by  the  triangular  data 
points  in  figure  8  was  a  low-traffic  road  built 
over  a  pei  kkI  of  years  by  several  contractors. 
The  older  sections  of  this  project  designated 
on  i  tie  curve  as  project  B-l  woe  badly  cracked 
although  riding  qualities  remained  satisfac- 
tory. Each  data  point  shown  is  the  average 
of  the  results  of  several  samples  from  each 
section,  which  represents  a  construction  con- 
tract. For  the  badly  cracked  areas,  the 
penetrations  at  77°  F.  ranged  from  15  to  22 
and  the  ductility  at  77°  F.  ranged  from  4  to 
6  cm.  Extreme  hardness  of  the  asphalt  in 
these  sections  undoubtedly  was  the  main 
factor    contributing    to    poor     performance. 


Overheating  of  the  asphalt  during  construc- 
tion or  the  effects  of  relatively  high  voids  and 
very  little  traffic  could  have  been  the  cause  of 
this  hardening.  The  data  points  obtained 
from  two  newer  sections  of  project  B  that  are 
still  in  good  condition  are  of  interest.  These 
sections  were  built  with  different  asphalts. 
Although  the  asphalt  in  project  B-2  has 
generally  hardened  more  than  that  in  project 
B-3  the  ductility-penetration  relation  for  the 
asphalt  in  project  B-2  is  superior  to  that  of 
the  asphalt  in  project  B-3.  Consequently, 
if  the  asphalt  hardening  in  project  B-3  con- 
tinues, this  project  may  fail  earlier  than 
project  B-2. 

Bissott  report 

The  data  plotted  in  figure  9,  taken  from  the 
report  presented  at  the  1962  Highway  Re- 
search Board  meeting  by  Professor  J.  R. 
Bissett  (.'/)  illustrates  one  of  the  advantages  of 
considering  the  ductility-penetration  relation- 
ship in  analyzing  data  obtained  from  pavement 
samples. 

Professor  Bissett's  report  included  data 
from  five  projects  using  Brand  C  asphalt. 
These  pavements  were  of  different  ages  and 
differed  in  service  performance.  When  the 
data  were  examined  independently,  greater 
differences  in  ductility  for  the  different  re- 
covered asphalts  than  would  be  accounted  for 


by  differences  in  penetrations  appeared  I 
exist  but,  as  shown  in  figure  9,  when  ductilit 
is  plotted  against  penetration  most  of  tr 
points  fall  close  to  the  same  curve.  The  dat 
plotted  in  figure  9  are  for  four  of  the  fi\i 
projects  for  which  Brand  C  asphalt  was  us 
and  for  the  one  project  in  which  Brand 
asphalt  was  used,  except  that  several  duplies; 
tions  of  data  points  at  the  same  location  ai 
not  indicated.  The  curves  plotted  in  figui 
9  indicate  that  differences  in  behavior 
pavements  of  these  projects  were  not  caut 
by  any  fundamental  differences  in  the  asphalt;! 
Variations  in  construction  that  permitted  mo 
asphalt  hardening  in  some  instances  than 
others  were  most  likely  the  cause.  Also,  i 
of  the  data  for  Brand  C  asphalt  show  relativel 
low  ductilities  for  equivalent  penetratioi 
compared  to  asphalt  from  other  sources;  thu.j 
accelerated  pavement  deterioration  ma 
occur  in  all  of  these  projects  once  failure  begins 
The  data  for  the  project  in  which  Brand 
asphalt  was  used  indicate  wide  variations  : 
ductility  for  essentially  the  same  penetratio 
but,  as  illustrated  in  figure  9,  the  data  point 
are  in  the  area  where  many  asphalts  show 
very  rapid  decrease  in  ductility  for  sma 
decreases  in  penetration.  Therefore,  the  dii 
ferences  were  most  likely  the  normal  result  c 
greater  hardening  and  experimental  errc 
rather  than  of  a  significant  loss  in  ductilit 
for  equivalent  penetration. 
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Figure  10. — Ductility -penetration  relation  for  asphalt  IS  used 
in  Virginia  experimental  project.  Tests  on  original  asphalts  and 
thin  film  residues  were  made  at  different  temperatures,  and 
those  on  asphalts  recovered  from  pavement  were  made  at  77°  F. 


it 

ilil  j  The  penetration-ductility  relationship  for 
the  asphalts  recovered  from  the  pavement 
projects  discussed  in  the  preceding  paragraphs 
arc  based  on  tests  made  at  77°  F.  only.  How- 
ever, the  implications  from  data  shown  in 
figure  5  are  that  ductility  and  penetration 
tests  made  at  several  different  temperatures 
for  the  same  original  material  and  for  the  thin 
film  residue  would  provide  data  for  ductility- 
penetration  curves  that  could  possibly  be 
used  as  the  basis  for  predictions  of  pavement 
service  changes.  To  indicate  the  usefulness 
of  this  approach,  the  ductilities  and  penetra- 
tions of  the  asphalts  being  used  in  experi- 
mental projects  now  under  study  were 
(determined  at  several  different  temperatures. 
Table  2  shows  ductility  and  penetration 
data  for  the  original  asphalts,  the  thin  film 
l  residues,  and  asphalts  recovered  from  the 
pavement  at  different  ages  for  materials  used 
in  an  experimental  project  in   Virginia;   and 

•    table   3   shows   similar   data   for    10   asphalts 
used  in  the  Zaca-Wigmore  California  Project. 
The  significant  ductility-penetration  relation- 
ships  indicated   by  these  data  are  shown  in 
J  figures  10-15. 

jj| 
Virginia  study 

Because  asphalt  A  of  the  Virginia  Project 
retains  ductility  in  excess  of  250  cm.  after 
4  years  in  service,  trends  for  the  relation  of 


i> 


penetration  and  ductility  are  not  illustrated. 
However,  the  data  for  asphalts  B  and  C  shown 
in  figures  10  and  11  illustrate  that  significant 
changes  are  occurring  in  these  asphalts.  As 
would  be  expected  on  the  basis  of  the  principle 
discussed  earlier  in  this  report,  the  plotted 
curves  show  the  ductility  of  the  original 
asphalt  to  be  greater  than  the  ductility  of  the 
thin  film  residue  for  equivalent  penetration. 
Although  only  the  averages  of  test  results  for 
four  samples — taken  laterally  across  the  road — 
are  shown  in  table  2  for  each  pavement  age, 
the  individual  results,  as  well  as  the  averages, 
are  plotted  in  figures  10  and  11.  On  the 
basis  of  the  averages  reported  in  table  2,  no 
significant  change  occurred  in  the  penetration 
of  the  recovered  asphalt  between  2  and  4 
years,  but  the  ductility  decreased  to  some 
extent.  The  individual  results  in  figures  10 
and  11,  however,  are  more  informative.  For 
example,  in  figure  10,  all  of  the  data  points 
except  the  result  for  one  4-year  sample  are 
close  to  the  plotted  curve,  but  the  points  are 
not  in  sequence  with  respect  to  pavement  age. 
This  variation  in  rate  of  hardening  in  the 
same  section  was  mostly  likely  caused  by  the 
differential  effect  of  traffic  at  the  edge  of  the 
road,  in  the  wheel  path,  and  between  wheel 
paths.  To  date,  there  has  been  no  significant 
failure  in  the  pavement  sections.  Figure  10, 
however,  indicates  that  the  section  containing 
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asphalt  B  may  be  approaching  a  critical  point 
in  some  areas,  and  further  hardening  and 
reduction  of  asphalt  ductility  may  induce 
failure  under  severe  weather  or  traffic  con- 
ditions. The  data  for  asphalt  C  plotted  in 
figure  1 1  follows  essentially  t  tie  same  trend  as 
does  the  data  for  asphalt  A  in  figure  10  except 
that  the  hardening  and  reduction  of  ductility 
have  not  progressed  as  far. 

Zaca-  Wigmore  Project 

The  Zaca-Wigmore  experimental  project. 
constructed  in  1954  and  1955  in  California  is 
one  of  the  better  known  projects  now  under 
study  and  several  reports  have  been  issued 
concerning  the  performance  of  the  asphalts 
(••7,  6,  /). 

The  asphalts  used  in  this  prr-iect  were  of  the 
200-300  penetration  grade,  thus  at  77°  F. 
the  ductilities  of  all  the  materials  were  gen- 
erally high  and  very  little  useful  information 
is  provided  by  the  results  of  the  ductility 
tests  made  at  77°  F.  on  the  original  asphalts. 
However,  an  analysis  of  test  data  obtained  by 
the  Bureau  of  Public  Roads  for  ductilities  of 
the  asphalts  and  the  thin  film  residue-  at 
different  temperatures,  together  with  data 
for  the  ductility  and  penetration  of  asphalts 
recovered  from  the  pavements  at  different 
ages  reported  in  1959  by  Hveem,  Zube,  and 
Skog   (5),  provides  some  interesting  clue     bo 
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Table  3. — Characteristics  of  asphalts  recovered  from  Zaea-Wigmore  Project  ' 


Sample 

Test 
temperature 

Pavement 
age 

Penetration, 
100  g.,  5  sec. 

Ductility,  5 
cm.  per  inin. 

Sample 

Test 
temperature 

Pavement 
age 

Penetration, 
100  g„  5  see. 

Ductility,  5 
cm.  per  min. 

on  A: 

60 
50 

40 

(iO 
50 
45 
40 

77 
77 
77 
77 

60 
50 
45 
40 
77 
60 
50 
45 

77 

77 

77 

60 
50 
40 
77 
60 
50 
40 

77 
77 
77 
77 

60 
50 

40 
77 
60 
50 
45 
40 

77 
77 
77 
77 

60 
50 
45 
41) 

60 

50 
45 

77 
77 

77 
77 

.A  font  hs 

64 
27 
14 
120 
35 
17 
12 
8 

131 
M 
49 
44 

82 
44 
30 
21 
121 
42 
24 
17 

148 
107 

56 

66 
32 
15 
120 
36 
18 
9 

132 
79 
46 
44 

74 
34 
14 
121 
36 
18 
12 
9 

151 
93 
59 

52 

85 
49 
35 
26 

115 
25 
15 
11 

93 

:is 

20 
16 

Cm. 
244 
250+ 
250+ 
193 
250+ 
250+ 
250+ 
38 

Section  F: 

Original 

°  F. 
60 
50 
40 

77 
60 
50 

77 
77 
77 
77 

60 
55 
50 
45 
40 
77 
60 
50 
45 

77 
77 
77 
77 

60 
50 
40 
77 
60 
50 
40 

77 
77 
77 

60 
50 
40 

77 
60 
50 
45 

77 
77 
77 
77 

60 
55 
50 
45 
40 
77 
60 
50 
45 

77 
77 
77 
77 

Months 

68 
35 
20 
85 
32 
16 

93 
57 
42 
38 

80 
60 
44 
32 
26 
90 
36 
24 
18 

86 
47 
39 
33 

74 
40 
21 
75 
30 
17 
10 

62 

52 
34 

69 
33 

16 
107 
36 
16 
12 

109 
61 
40 

Cm. 
216 
174 
171 
224 
122 
22 

100+ 

Do 

Do 

Do 

Do 

Thin  film  residue 

Do        ... 

Do 

:::::::::::::: 

Do 

Do.. 

Do.  . 

From  pavement 

5 

12.5 
20 
35 

Do 

5 

12.5 
20 
35 

Do.... _ 

Do 

100+ 
21 

186 
209 
103 
137 

60 
141 

41 

11 

82 

Do        .  - 

Do 

Do 

Section  G: 
Original _ 

Do.. 

Section  B-1: 

100+ 

180 
148 
174 
190 
152 
131 

87 

26 

Do 

Do 

Do    .... 

Do 

Do 

Do... 

Do .  . 

Thin  film  residue 

'ilm  res  due 

Do... 

Do..    

Do... 

Do 

Do... 

Do 

From  pavement... 

Do 

5 
12.5 

20 
35 

From  pavement 

3.5 
11 
19 
33 

Do.      .  .  . 

Do.  . 

12 

242 

225 

200+ 

183 

96 

16 
6 

100+ 
100+ 
96 

246 
198 
250+ 
142 

250+ 
250+ 
109 

Do 

Do 

Do 

100+ 

250+ 
175 
0 
191 
250+ 
250+ 
37 

Section  G-2: 
Original 

Section  C: 
Original      ... 

Do 

Do 

Do 

Thin  film  residue 

Do 

Thin  film  residue 

Do 

Do 

Do.. 

Do.. 

Do.. 

7.5 
16 
30.5 

Do. 

From  pavement 

Do... 

From  pavement 

5 
12.5 
20 
35 

Do 

Do 
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Section  II: 
Original    . 

Do 

100+ 

221 
220 
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250+ 
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0 

ion  D; 

Original 

Do.... 

Do.-. 

Do. 

Thin  film  residue.    .. 

Do. 

Do-. _ 

Do... 

Thin  film  residue 

Do 

Do... 

Do. 

From  pavement 

5 

12.5 
20 
35 

Do. 

Do. 

Do... 



From  pavement  .... 

5 
12.5 

20 
35 

Do._.- 

31 
100+ 

242 

250+ 

250+ 

250+ 

119 

184 

250+ 

89 

21 

Do... 

Do 

Section  .1 : 
Original  .  ... 

77 
54 
40 
28 
19 
127 
44 
26 
19 

154 
95 
58 
70 

Do... 

Do... 

100+ 

238 
170 
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201 
138 
21 
9 
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Section  E: 
Original 

Do 

Do... 

Do.  . 

Do.  . 

Do 

Do... 

Thin  film  residue 

Do... 

Do.... 

Do 

Thin  film  residue 

Do 

Do 

Do... 

5 
12.5 
20 
35 

Do.. 

From  pavement 

5 

12.5 
20 
35 

Do  

Do  

Do 

Do 

100+ 

Do 

Do 

16 

1  Data  for  original  asphalts  and  thin  film  residues  obtained  by  Bureau  of  Public  Roads  Tests.     Data  from  pavement  samples  taken  from  report  by  Hveem,  Zube,  and  Skog  (5). 
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Figure  11. — Ductility -penetration  relation  for  asphalt  C  used 
n  Virginia  experimental  project.  Tests  on  original  asphalts  and 
thin  film  residues  were  made  at  different  temperatures,  and 
those  on  asphalts  recovered  from  pavement  were  made  at.  77°  F. 
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Figure  12. — Ductility-penetration  relation  for  asphalt  E  in 
Zaca-Wigmore  experimental  project.  Tests  on  original  asphalts 
and  thin  film  residues  were  made  at  different  temperatures,  and 
those  on  asphalts  recovered  from  pavement  were  made  at  77°  F. 
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the  asphalt  characteristics.  Table  3  shows 
the  test  data  from  both  sources.  Sections  E, 
F,  and  G  all  showed  relatively  poor  perform- 
ance. Figure  12  shows  the  ductility-penetra- 
tion relationships  of  the  asphalts  used  in 
Section  E.  This  asphalt  lost  4.45  percent  by 
weight  and  retained  only  27.7  percent  of  its 
original  penetration  in  the  thin  film  test,  thus 
it  would  not  comply  with  the  asphalt  specifica- 
tion now  being  used  in  California.  The  1959 
progress  report  showed  that  section  E  had 
failed  in  1958.  Figure  12  confirms  the  con- 
clusion that  the  early  failure  of  this  section  can 
be  attributed  almost  entirely  to  the  hardening 
caused  by  the  high  degree  of  volatility  of  this 
asphalt.  The  asphalts  recovered  from  the 
pavement  at  35  and  45  months  had  penetra- 
tions at  77°  F.  of  16  and  10  respectively  but 
showed  essentially  the  same  ductility-penetra- 
tion relationship  as  the  thin  film  residue  tested 
at  different  temperatures.  It  can  be  con- 
cluded from  these  test  results  that  oxidation 
has  not  caused  large  changes. 

The  data  reported  for  the  asphalt  used  in 
section  F  and  shown  in  figure  13  are  more 
erratic.  This  asphalt  also  had  a  high  loss 
(2.25  percent)  and  a  low  retained  penetration 
(34.7  percent  of  the  original)  in  the  thin  film 
test.  The  characteristics  of  the  asphalts 
recovered  from  pavement  samples  at  different 
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periods  suggest  that  this  asphalt  may  be 
subject  to  rapid  oxidation  in  the  road  as  well 
as  have  considerable  volatility.  Based  on  the 
arbitrary  dividing  line,  the  asphalt  recovered 
at  38  months  had  a  relatively  unsatisfactory 
ductility-penetration  relationship.  At  54 
months  the  range  of  ductilities  of  the  recovered 
asphalts  was  7  to  83  cm.  for  9  cores.  The 
average  penetration  was  25.  It  is  possible 
that  the  variation  in  penetration  of  the  asphalt 
recovered  from  each  core  would  account  for  a 
large  proportion  of  the  difference  in  ductility, 
but  it  is  also  possible  that  localized  variations 
in  conditions  after  construction  permitted  a 
variable  amount  of  oxidation  of  the  asphalt. 

The  ductility-penetration  relationships 
shown  in  figure  14  for  the  asphalts  used  in 
sections  G  and  G-2  are  of  interest.  Hveem 
and  his  coauthors  (5)  reported  that  a  change 
in  the  refinery  methods  or  crude  sources  was 
made  by  the  manufacturer  of  the  asphalts 
used  in  these  sections,  but  the  reported  differ- 
ences in  laboratory  tests  were  small.  How- 
ever, the  hardening  that  occurred  during  inking 
for  asphalt  used  in  section  G  was  considerably 
greater  than  for  asphalt  used  in  section  G-2, 
the  percentages  of  retained  penetrations  were 
45.1  and  71.8,  respectively. 

The  results  of  tests  on  the  original  asphalts 
and   the    thin   film   residue   for   asphalt  from 


section  G  shown  in  figure  14  indicate  that 
this  asphalt  is  subject  to  considerable  change 
in  the  ductility-penetration  relationship  during 
the  thin  film  test  and  thus  is  also  likely  to 
undergo  rapid  changes  in  pavement  service. 
The  data  for  the  asphalts  recovered  from  the 
pavement  confirm  that  changes  in  the  duc- 
tility-penetration relationship  had  occurred. 
All  of  the  ductility-penetration  data  points 
fall  somewhat  below  the  thin  film  residue  fine 
and  also  below  the  arbitrarily  established 
critical  boundary. 

Although  test  results  reported  for  the  as- 
phalt used  in  section  G-2  indicated  that  it 
was  similar  to  the  asphalt  used  in  section  G, 
the  test  results  plotted  in  figure  14  show  that 
the  thin  film  residue  of  the  asphalt  in  section 
G-2  had  a  ductility-penetration  relationship 
that  was  definitely  superior  to  that  of  the 
thin  film  residue  of  the  asphalt  used  in  section 
G.  The  data  point  for  the  asphalt  recovered 
from  the  pavement  at  30  months  shows  that 
at  this  age  the  asphalt  still  retained  a  good 
ductility-penetration  relationship.  It  is  be- 
lieved that  a  significant  factor  in  the  better 
performance  of  pavement  in  section  G-2 
reported  in  the  1959  progress  report  is  this 
better  ductility-penetration  relationship  as 
well  as  a  slower  rate  of  hardening  of  the 
asphalt. 
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Figure  13. — Ductility-penetration  relation  of  asphalt  used  in  section  F  of  Zaca-Wigmore 
experimental  project.  Tests  on  original  asphalt  and  thin  film  residue  tvere  made  at  differ- 
ent temperatures,  and  those  on  asphalts  recovered  from  pavement  tvere  made  at  77°  F. 


Effect  of  difference  in  asphalt  content 

Two  sections  of  the  Zaca-Wigmore  road 
wire  designated  1-2.  One  of  these  contained 
5.8  percent  and  the  other  6.3  percent  asphalt. 
The  asphalts  recovered  after  several  periods 
of  service  were  significantly  different.  The 
penetrations  reported  in  1959  for  section  1-2 
containing  6.3  percent  asphalt  were  71,  55, 
and  51  when  recovered  at,  7.5,  16,  and  30.5 
months  respectively.  1  luctility,  reported  only 
for  the  30.5-month  sample,  was  96  cm.  Pene- 
trations for  the  asphalts  recovered  from  the 
section  containing  5.8  percent  asphalt  were 
56,  38,  and  25  and  had  corresponding  duc- 
tilities of  95,  10,  and  6  cm.  Although  data 
for  the  thin  film  residues  and  original  asphalts 
at  temperatures  other    than   77°    F.    are    no! 
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available  for  these  sections,  figure  15  shows 
that  the  ductility-penetration  relationship  for 
the  sample  at  30.5  months  from  the  section 
containing  6.3  percent  asphalt  was  essentially 
the  same  as  the  relationship  for  the  sample 
obtained  at  7.5  months  from  the  section  con- 
taining 5.8  percent  asphalt.  This  indicates 
that  the  lower  rate  of  hardening  in  the  section 
containing  the  higher  asphalt  content  was  the 
result  of  increased  protection  against  oxidation. 
The  asphalt  used  in  section  J  was  included  in 
the  California  experiment  because  it  was  con- 
sidered to  represent  a  high  quality  product. 
The  service  record  of  this  section  was  reported 
to  be  excellent  in  the  1959  progress  report. 
The  ductility-penetration  relationships  of  iliis 
asphalt,  based  on  tests  at  different  tempera- 


tures and  shown  in  figure  15,  show  that  tb 
original  asphalt  retained  a  high  ductility  for  : 
relatively  low  penetration.  All  test  results  fo 
ductility  were  more  than  200  cm.,  except  foi 
the  test  made  at  40°  F.  for  which  the  ductility 
was  119  cm.  and  the  penetration  was  19.  Tin 
ductility  at  19  penetration  for  the  thin  filn, 
residue  was  21  cm.,  considerably  less  than  fo: 
the  original  but  still  well  within  the  are* 
considered  satisfactory.  The  available  dat; 
from  asphalts  recovered  from  the  pavemen 
section  shows  that  at  35  months  the  ductility 
at  77°  F.  was  greater  than  100  cm.  and  th<| 
penetration  was  70.  Thus,  the  ductility  an< 
penetration  of  this  asphalt  in  the  pavement  i; 
not  likely  to  become  critical  even  at  relatively 
low  service  temperatures. 

October  1963  •  PUBLIC  ROADS 


400 


co 

cr 

LU 

\- 

LU 


300 


200 


*- 

00 

Ul 

o 

1 

80 

UJ 

60 

1- 

Z> 

z 

40 

s 

30 

fC 

UJ 

n 

20 

CO 

cr 

Ul 

l- 

iii 

5 

10 

l- 

e 

z 

UJ 

6 

o 

in 

4 

>-* 

I- 

3 

_i 

I- 

? 

o 

z> 

o 

ORIGINAL, G- 

2 — > 

« 

Y 

h 

o  ^^ 

*/T\         G-2 

/            30  M0.       S7 

// 

ORIGIN  A  L,G—*y/)^ 

/ 

f// 

/  THIN  FILM    / / 

/    / 
/  / 

THIN 
G- 

FILM  / 
2"w/ 

/ . 
// 
// 
// 

/    f 

/ 

a    s 

35  MO. 

/-&    e      - 

^^54  M0. 

a    G 

/ 

20  MO. 

A 

10  20  30  40  50  60 

PENETRATION,   100-GRAM,   5   SECONDS 


70 


Figure  14. — Ductility -penetration  relation  of  asphalts  used  in  sections  G  and  G-2  of 
Zaca -Wig more  experimental  project.  Tests  on  original  asphalts  and  thin  film  residues 
were  made  at  different  temperatures,  and  those  on  asphalts  recovered  from  pavement 
were  made  at  77°  F. 
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Figure  15. — Ductility-penetration  relation,  of  asphalts  used  in  sections  J  and  1-2  of  Zaca- 
Wigtnore  experimental  project.  Tests  on  original  asphalts  and  thin  film  residues  ivere 
made  at  different  temperatures,  and  those  on  asphalts  recovered  from  pavement  were 
made  at  77°  F. 


Part  V — Traffic  Controls  for  Highway 
Construction  and  Maintenance 
Operations 

As  a  result  of  the  demand  for  Part  V  of  the 
Manual  on  Uniform  Traffic  Control  Devices  for 
Streets  and  Highways,  this  part  of  the  manual 
has  been  reproduced  as  a  separate  publication, 
Part  V — Traffic  Controls  for  Highway  Con- 
struction and  Maintenance  Operations,  and  is 
now  available  from  the  Superintendent  of 
Documents,  U.S.  Government  Printing  Office, 
Washington,  D.C.,  20402,  at  25  cents  a  copy. 
This  separate  issue  of  the  59-page  section  of 
the  1961  edition  of  the  manual  includes 
information  on  standards  for  signs,  barriers 
and  channelizing  devices,  lighting  devices, 
and  control  of  traffic  in  areas  of  highway 
construction     and     maintenance,     and     also 
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NEW  PUBLICATIONS 

includes   a   discussion    of   the   adaptation    of 
these  standards  to  peculiarly  urban  problems. 


Research — A  Section  of  the  Action 
Program  for  Highway  Safety 

Research — A  Section  of  the  Action  Program 
for  Highway  Safety,  tenth  in  the  series  of  basic 
documents  known  as  the  Highway  Safety 
Action  program  issued  by  the  President's 
Committee  for  Traffic  Safety,  may  be  pur- 
chased from  the  Superintendent  of  Docu- 
ments, U.S.  Government  Printing  Office, 
Washington,  D.C.,  20402,  at  15  cents  per  copy. 
This  35-page  report  discusses — in  relation  to 
the  traffic  safety  problem — the  need  for 
research,  information  obtained,  and  additional 
information  needed.     It  also  presents  a  plan 


for    an    effective    nationwide    traffic    safe 
research  program. 

Traffic  Safety  Services — Directory 
National  Organizations 

Traffic  Safety  Services — Directory  of  Nalior 
Organizations  is  now  available  from  t 
Superintendent  of  Documents,  U.S.  Cover 
ment  Printing  Office,  Washington,  D.C 
20402,  at  15  cents  a  copy.  This  publicatic 
was  prepared  by  the  Office  of  Highway  Safet 
Bureau  of  Public  Roads,  at  the  request 
field  directors  of  national  safety  organizatior 
The  Directory  lists  addresses,  support  sourcei 
chief  executives,  and  traffic  safety  servie 
of  26  major  national  safety  organization 
It  is  specifically  intended  for  the  use 
Federal,  State,  and  local  officials. 
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Perceptual  and  Field  Factors 


Causing  Lateral  Displacement 


BY  THE  TRAFFIC 

SYSTEMS  RESEARCH  DIVISION 

BUREAU  OF  PUBLIC  ROADS 


An  awareness  of  the  existence  of  the  phenomenon  of  lateral  displacement  has 
been  extant  for  many  years  and  much  descriptive  information  has  been  pub- 
lished on  this  driving  phenomenon.  However,  the  study  reported  here  consti- 
tutes what  is  believed  to  be  a  first  attempt  to  determine  the  process  drivers  use 
to  locate  objects  and  to  define  the  factors  that  cause  a  driver  to  displace  laterally. 

The  results  obtained  in  a  controlled  study  on  a  test  track  showed  that  drivers 
locate  an  object  they  are  overtaking  on  the  basis  of  the  angular  velocity  of  the 
object.  If  a  driver  can  detect  this  lateral  movement,  he  knows  that  the  object 
cannot  be  in  his  path.  If  there  is  no  such  velocity,  the  object  is  perceived  as  an 
obstruction  and  the  driver  must  displace.  The  results  also  provide  a  basis  for 
predicting  the  effects  of  lateral  displacement  on  lane  width,  size  of  objects  near 
the  path  of  travel — fixed  or  moving — and  the  speed  of  the  vehicle. 

Findings  reported  here  have  many  implications  related  to  highway  transporta- 
tion and  can  provide  some  criteria  for  design,  speed  controls,  and  roadside  de- 
velopments in  plans  for  future  highways  and  improvement  of  existing  ones. 


Reported  by  >  RICHARD  M.  MICHAELS, 

Chief,  Human  Factors  Research  Branch,  and 

LEE  W.  COZAN,   Research  Psychologist 


Introduction 

WHEN  AN  object  is  placed  near  the  path  of 
a  driver,  a  lateral  movement  away  from  the 
object  occurs  as  the  driver  approaches.  The 
l  amount  of  this  lateral  displacement  has  been 
shown  to  be  directly  dependent  upon  the 
distance  of  the  object  from  the  path  of  travel 
(1,  2).2  Thus,  Taragin  (2)  has  shown  that 
there  is  a  shift  in  position  for  objects  located 
up  to  6  feet  to  the  right  of  the  driver's  path  of 
travel.  However,  the  process  that  the  human 
operator  must  carry  out  in  order  to  locate 
himself  relative  to  fixed  objects  in  his  path 
has  not  been  specified.  The  research  reported 
here  was  an  attempt  to  isolate  the  variables 
involved  in  this  location  process.  Two  models 
were  considered;  one  fits  the  results  obtained 
in  the  tests. 

From  a  perceptual  standpoint,  the  trans- 
verse location  of  an  object  in  a  driver's  path 
may  be  considered  a  problem  in  trigonometry. 
The  transverse  distance  a  (the  lateral  distance 
of  an  object  from  the  driver)  may  be  derived 
from  the  simple  trigonometric  expression,  in 
: which  1=  location,  as: 


i 


a=  I  tan  9 


1  Presented  at  tbe  42d  annual  meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1963. 

2  References  indicated  by  italic  numbers  in  parentheses 
are  listed  on  p.  240. 

PUBLIC  ROADS  •  Vol.  32,  No.  11 


These  conditions  are  shown  in  figure  1. 
Thus,  at  any  point  in  space,  the  observer  may 
determine  the  transverse  distance  a  by  esti- 
mating both  I  and  9.  For  small  angles  tan 
9  =  9,  and  therefore  the  equation  becomes 
simply  a=l9. 

However,  a  problem  arises  for  the  driver 
because  of  the  interaction  of  distance  and 
angle.  At  long  distances  the  angle  is  so 
small  that  errors  in  estimation  preclude  a 
solution  of  sufficient  accuracy  to  determine 
whether  the  object  is  in  the  driver's  path. 
Similarly,  at  short  distances  the  angle  in- 
creases so  rapidly  that  solutions  also  become 
inaccurate.  Therefore,  there  should  be  a 
range  of  distance  for  which  drivers  judgment 
of  the  angle  9  is  most  nearly  accurate.  On 
the  basis  of  this  angle  estimation  model,  as 
the  driver  approaches  the  object,  he  eventu- 
ally moves  into  an  optimum  range  of  dis- 
crimination. If  the  angle  is  smaller  than  some 
critical  value,  the  driver  will  displace  away 
from  the  object,  the  magnitude  of  the  lateral 
displacement  being  directly  related  to  the 
size  of  the  angle  at  the  distance  at  which  the 
detection  of  the  object  is  made.  According 
to  this  model,  lateral  displacement  should 
begin  at  some  fixed  distance  from  the  object, 
independent  of  the  absolute  location  of  the 
object  and  independent  of  travel  speed. 

An  alternative  model  exists,  however.  As 
the  driver  is  moving  continuously  toward  the 
object,  the  angle  as  well  as  distance  is  changing 


continuously.  If  the  driver  tracks  the  object 
over  a  period  of  time  and  estimates  the  rate 
at  which  the  angle  is  changing,  he  also  can 
determine  the  lateral  location  of  the  object  in 
relation  to  his  path  of  travel.  The  rate  of 
change  of  the  angle  is  a  nonlinear  function  of 
time  and  is,  furthermore,  dependent  upon  the 
speed  of  travel.  If  the  driver  were  to  operate 
on  this  basis,  he  would  be  solving  the  equation: 


(19 
it 


a2+l2 


Where, 

dd 

— =rate  of  change  of  angle 

at 

9  =  angle 

a  =  transverse  distance 

y  =  velocity  of  vehicle 

I  =  location  of  object. 

Estimation  of  the  rate  of  change  of  the 
angld  between  himself  and  the  object  in  his 
path  has  several  advantages  for  the  driver. 
First,  his  judgment  very  quickly  becomes  a 
simple  binary  one.  If  the  rate  of  change  does 
not  exceed  a  critical  value  regardless  of  sight 
distance  and  object  location,  the  driver  can 
predict  a  collision  course.  Second,  the  driver 
has  a  physical  anchor  for  speed  judgment  and 
one  source  of  error  may  be  minimized.  Third, 
vehicle  speed  must  be  taken  into  account  in 
any  steering  inputs  imposed  upon  the  vehicle. 


Figure  1. — Geometry  of  the  lateral  displace- 
ment effect. 
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( )n  the  basis  of  the  derivative  model  a  se1  oi 
hypotheses  very  different  from  the  angle 
nation  model  may  be  stated,  as:  (1)  The 
aitude  of  lateral  displacement  will  be 
directly  related  to  vehicle  speed.  (2)  Lateral 
displacement  will  begin  a1  a  distance  depend- 
on  vehicle  speed.  (3)  The  derivative  of 
the  visual  angle  at  the  point  where  displace- 
ment begins  will  be  independent  of  speed  and 
object  location  so  ions  as  displacement  occurs. 
A  final  consideration  that  exists  in  the  dis- 
placement effect  concerns  the  spatial  char- 
acteristics of  the  stimulus  object.  In  I  lie 
description  of  both  models,  it  was  implicitly 
assumed  that  the  object  was  a  point  in  space 
that  served  as  a  simple  visual  reference. 
Actually,  all  practically  realized  displacing 
objects  have  some  extension.  It  would  ap- 
pear reasonable  that  the  nature  of  the  con- 
tours of  the  object  would  influence  the 
driver's  perception  of  the  location  of  the 
object.  The  study  of  Case  et  al.  (1)  showed 
that,  the  size  of  the  object  significantly  affected 
displacement. 

It  might  be  expected  that  the  angle  would 
In.  taken  to  the  contour  of  the  object  nearest 
the  path  of  travel.  If.  however,  the  shape  of 
the  object  is  of  limited  extent  and  has  one 
dominant  contour,  the  driver  might  be  ex- 
pected to  use  that  as  a  point  of  reference; 
for  example,  a  triangular  object  having  the 
base  oriented  perpendicular  to  the  driver's 
line  of  vision.  It  may  be  expected  that  when 
that  base  is  farthest  from  the  roadway  (the 
apex  being  nearest  the  travel  path),  there 
should  be  less  lateral  displacement  than  when 
the  situation  is  reversed.  Obviously,  such  an 
example  would  be  a  limited  situation  for  there 
should  be  a  limit  to  contour  effectiveness  if 
the  farthermost  border  has  too  great  an 
extent.  Within  these  limits  it  is  reasonable 
to  hypothesize  that  the  dominant  figure 
contours  should  influence  the  magnitude  of 
lateral  displacement.  In  the  study  reported 
here  an  equilateral  triangle  was  used  to  test 
this  hypothesis.  In  summary,  this  study 
was  an  attempt  (1)  to  isolate  the  perceptual 
variables  that  cause  lateral  displacement  and 
(2)  to  discriminate  between  two  alternative 
models  of  that  process. 

Summary 

The  study  reported  in  this  article  was 
made  as  an  attempt  to  analyze  some  of  the 
underlying  factors  that  cause  the  lateral 
displacement  of  a  vehicle  away  from  a  road- 
side object.  The  investigation  was  conducted 
in  daylight  and  under  tree  held  conditions. 
For  several  conditions  of  object  location  and 
vehicle  speed,  the  lateral  position  of  the 
vehicle  was  measured  continuously  over  a 
5,000-foot  specially  prepared  test  track. 

The  findings  indicate  that  lateral  displace- 
ment is  a  special  case  in  the  field  of  visual 
velocity  perception.  Relative  to  the  observer, 
the  displacing  object  effectively  moves  later- 
ally across  the  retina  with  a  definable  angular 
velocity.  Drivers  react  to  this  apparent 
velocity  of  the  object  by  determining  when 
and   how  much  they  should  displace  on  the 
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Figure  2. — Lateral  displacement  detector. 


basis  of  the  time  and  distance  at  which  that 
velocity  exceeds  threshold. 

The  angular  velocity  model  allows  an 
understanding  of  the  effect  of  the  location  of 
roadside  objects  on  highway  capacity  as  well 
as  lateral  displacement.  In  addition,  the 
results  suggest  that  the  limitations  in  driver's 
judgment  of  location  of  objects  may  markedly 
increase  the  probability  of  certain  types  of 
collisions  under  conditions  of  low  illumination 
and  headlight  glare. 


Apparatus  and  Procedure 

In  order  to  determine  where  and  when 
lateral  displacement  began  and  its  magnitude, 
it  was  necessary  to  devise  a  method  for  meas- 
uring lateral  position  continuously.  An  op- 
tical tracking  system  was  developed  by  Mel- 
par,  Inc.,  for  this  purpose.  It  was  a  housing, 
anchored  on  the  rear  bumper  of  a  vehicle,  that 
contained  37  individual  photodetector  units 
mounted  to  face  downward.  The  detector  is 
shown  in  figure  2.  Each  unit  contained  (1) 
a  light  source  and  lens  system  to  focus  the 
beam  on  the  roadway;  and  (2)  a  mirror  system 
that  focused  light,  reflected  from  a  specially 
prepared  road,  on  a  photoresistcr.  A  sche- 
matic of  the  detector  unit  is  shown  in  figure  3. 
To  get  sufficient  light  reflected  to  the  photo- 
resistor,  a  2-inch  retroreflective  strip  was 
]olaced  on  the  pavement.  With  this  material, 
a  high  proportion  of  the  light  from  the  lamp 
was  reflected  into  the  mirror  and  hence  to  the 
photoresistor. 

The  photoresistor  was  connected  directly  to 
a  transistor  amplifier.  When  the  light  re- 
flected onto  the  photoresistor  was  high,  its 
resistance  dropped  and  sufficient  current 
flowed  to  close  a  relay.  Thus,  whenever  one 
of  the  detector  units  passed  over  the  reflective 
line  that  detector,  and  only  it,  would  fire. 
As  the  vehicles  were  moved  laterally,  a  differ- 
ent detector  unit  was  activated.  Lateral  po- 
sition could  be  estimated  to  the  nearest  inch 
as  the  units  were  on  2-inch  centers.  With  use 
of  37  detector  units,  lateral  displacement  could 
be  measured  over  a  length  of  6  feet. 


To  record  the  lateral  displacement  dat 
continuously,  the  digital  output  of  the  ampl 
fier  relays  was  used  to  switch  an  appropriat 
step  in  a  37-section  potentiometer.  Th 
analog  voltage  was  then  recorded  on  a  Brus 
recorder.  With  this  complete  system  it  w 
possible  to  continuously  plot  the  path  of 
vehicle  as  it  traveled  down  the  test  track.  B 
leaving  5-foot  gaps  in  the  reflective  line  ever 
100  feet,  it  was  possible  to  determine  lateri 
placement  as  a  function  of  distance  from  th 
displacing  object. 


Test  track 

The  test  track  was  a  1-mile  section  of  a  ji 
aircraft  runway.  The  concrete  runway  w^ 
100  feet  wide  and  had  an  asphalt  shoulder 
feet  wide  on  each  side.  The  runway  w 
made  up  of  four  sections  of  concrete  each 
feet  by  20  feet.  The  maximum  vertical  curv 
ture  of  the  test  section  was  less  than  0.1  pe 
cent.  A  single  section  nearest  the  edge  of  tl 
runway  was  used.  Thus,  the  travel  path  w 
a  lane  25  feet  wide  having  limits  demarcate 
by  the  asphalt  shoulder  on  the  driver's  rigl 
and  the  longitudinal  joint  on  his  left.  Tl 
reflective  strip  was  laid  in  the  center  of  tt 
lane.  It  was  placed  so  accurately  that  t 
deviation  from  the  center  was  never  more  ths 
1  inch  over  the  mile  course.  The  reflecti 
material  was  a  buff  color  that  was  cleat 
visible  to  the  observer.  No  way  was  four 
to  camouflage  this  line  and  still  retain  suf 
cient  retroreflectivity  to  ensure  reliable  oper 
tion  of  the  placement  detector.  The  arrang| 
ment  of  the  test  situation  is  shown  in  figure 

Two  identical  equilateral  triangles,  6  fe 
on  a  side,  and  mounted  on  a  boom,  were  us< 
as  the  displacing  objects.  This  boom  was  ] 
feet  long,  a  length  sufficient  to  minimize  ar 
effect  that  the  mounting  base  might  have 
displacement.  The  boom  could  be  moved  ; 
or  out,  and  the  triangle  could  be  rotated  abo 
its  mounting  point  so  that  either  the  base  < 
the  apex  could  be  placed  nearest  the  path 
travel.  One  object  was  placed  2,000  feet  ar 
the  other  4,000  feet  from  the  beginning  of  tl 
course. 
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Figure  4. — Road  test  arrangement. 

Four  lateral  locations  for  each  object  were 

elected.     From    an    analysis    of    the    angle 

jstimation  model,  the  distance  at  which  the 

tangent  function  began  to  exhibit  an  obvious 

jhange  in  slope  was  in  the  order  of  200  feet. 

This  model  predicts  a  direct  relation  between 

4l.ateral  displacement  and  the  size  of  the  angle, 

f"  lence  object  location  was  chosen  in  units  of 

ingular  separation  at  the  distance  of  200  feet. 

The  closest  location  was  chosen  at  this  point 

,o   subtend    an    angle    of    2    degrees.     Three 

jther    positions    were    chosen    so    that    they 

subtended  angles  of  2}i,  2%,  and  2%  degrees, 

•espectively.     In  lineal  distance,   the   object 

yas  placed  7.0  feet,  7.8  feet,  8.9  feet,  and  9.6 

'eet  from  the  driver.     In  these  experiments, 

?ach  object  was  placed  at  random  in  one  of 

jhese  four  locations.     The  orientation  of  the 

wferiangle    also    was    arranged   randomly.     Or- 

■it  ,hogonal    latin    squares    were    used    for    the 

i  'iomplete  matrix  of  test  conditions  so  that  any 

nteractive  effects  between  the  two  displacing 

liangles  were  counterbalanced. 

Four  vehicle  speeds  were  used — 15,  30,  45, 

s  md  60  m.p.h.     Each  test  driver  was  tested  at 

:ach   speed   for    all    combinations    of    object 

3i  ocation    and    orientation.     In    total,     each 

iriver  went  through  a  4X  4X  2  factorial  design. 

En  addition,  the   design  was  replicated  four 

of  imes . 

All  the  electronic  equipment  for  measuring 

uk  I    recording    lateral   position,    including    a 

•L5-kv.  generator,  was  installed  in  a  station 

tl  vagon.     A  driver  and  the  experimenter  were 

he    only    occupants    of    the    vehicle.     Four 
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Table  I. — Analysis  of  variance  for  lateral 
displacement  under  32  experimental  con- 
ditions 


Source  of 
variation 

Sum  of 
squares 

d.f. 

Mean 
square 

F, 
ratio 

Vehicle  speed  (»). 
Object  distance 
(</)_ 

2,911.7 

3,  658. 4 

252.5 
9,  610.  8 

110.5 
135.  0 

2,015.9 
240.1 

1,  979.  4 
34.9 

226.2 

1,007.2 
297.  4 
637.  6 
796.4 

9,  917.  8 
33, 831. 8 

3 

3 

1 
4 

9 
3 
12 
3 

12 
4 

9 
36 
12 
12 
36 

480 
639 

970.5 

1, 291. 3 

252.  5 
2,  402.  7 

12.3 
45.0 

168.  0 
80.0 

164.9 
8.7 

25.1 
279.8 
24.8 
53.1 
22.1 

20.7 

i  46. 88 

i  62. 38 

■  12.  20 
'116.07 

2.13 
18.12 
'3.86 

1  7.  97 

1.21 
1  13.  52 

2.06 

Object  orienta- 
tion (o) 

Driver  (D) _ 

vXd 

vXo 

VXD 

dXo 

dXD 

oX-D _ 

eXdXo 

I'XdXD 

I'XoXD 

dXoXD 

I'XdXoXD.. 

Error  (within 
treatments) 

TOTAL 

Significant  with  probability  less  than  0.01. 


Table  2. — Analysis  of  variance  for  angular 
change 


Source  of  variation 

Sum  of 
squares 

d.f. 

Menu 
square 

F,  ratio 

Between         vehicle 

speeds  (») 

Between  drivers  (D). 
Interaction:  i>XD 

Error  (within  treat- 
ments)... ..  ... 

Total 

17.3 

7.1 

34.9 

56.2 
115.5 

2 
4 
8 

30 
44 

8.65 
1.78 
4.36 

1.87 

4.62 
Z33 

assistants  to  the  experimenter  adjusted  the 
position  and  orientation  of  the  displacing 
objects  according  to  a  prearranged  schedule. 
Test  drivers  were  five  men  whose  ages  ranged 
from  25  to  40  years,  all  were  licensed  drivers, 
each  having  had  5  years  or  more  driving 
experience.  None  was  told  the  purpose  of 
the  tests.  Rather,  the  drivers  were  told  that 
the  study  was  aimed  at  finding  out  how  well 
each  could  maintain  the  vehicle  at  a  constant 
assigned  speed. 

Results 

The  maximum  lateral  displacement  was 
determined  for  each  condition  and  each  driver. 
These  data  were  subjected  to  an  analysis  of 
variance  and  the  summary  is  shown  in  table  1. 
Differences  among  the  main  variables  are 
significant  at  the  0.01  level.  The  analysis 
also  shows  a  significant  interaction  among 
these  variables. 

Figure  5  is  a  plot  of  displacement  as  a  func- 
tion of  object  location  for  each  of  the  four 
speeds;  these  curves  shown  include  data  for 
the  base  orientation  only.  The  line  shown  is 
the  mean  displacement  for  the  five  subjects. 
The  general  form  of  the  curve  is  the  same  as 
that  for  each  individual  driver.  The  straight- 
line  relationship  shown  is  similar  to  Taragin's 
data  (2),  but  the  magnitude  of  lateral  dis- 
placement is  less.  The  displacement  at  each 
object  location  increased  markedly  as  speed 
was  increased;  this  is  summarized  in  figure  6. 
Again,  the  four  curves  are  for  the  base  orien- 


tation only.  The  data  demonstrate  that 
lateral  displacement  is  directly  dependent  on 
travel  speed  as  well  as  object  location. 

In  the  rate  of  change  of  angle  model,  it 
was  hypothesized  that  lateral  displacement 
would  begin  at  a  distance  from  the  object 
that  was  directly  dependent  upon  vehicle 
speed.  Figure  7  shows  the  relation  between 
vehicle  speed  and  the  distance  at  which  dis- 
placement began.  The  parameter  is  the 
lateral  location  of  the  displacing  object.  The 
beginning  point  ranged  from  approximately 
50  feet  at  15  m.p.h.  to  about  275  feet  at  60 
m.p.h.  The  data  were  consistent  in  showing  a 
significant  increase  in  distance  at  which  dis- 
placement started  in  relation  to  increase  in 
speed  for  all  four  object  locations;  thus  the 
hypothesis  was  confirmed. 

Test  of  rate  of  change  of  angle 

One  of  the  hypotheses  derived  from  the 
angular  change  model  was  that  the  rate  of 
change  of  angle  at  which  displacement  began 
would  be  independent  of  both  object  location 
and  vehicle  speed.  To  test  this  hypothesis,  it 
was  necessary  to  determine  the  point  at  which 
lateral  displacement  began  for  each  run.  This 
determination  was  confounded  by  two  factors. 
First,  there  was  some  variability  in  lateral 
position  for  all  drivers.  Considerable  error 
was  possible  in  judging  the  start  of  displace- 
ment as  it  frequently  was  difficult  to  determine 
whether  change  in  position  was  made  in  re- 
sponse to  the  displacing  object  or  was  only  a 
random  change  in  position.  Second,  not  all 
conditions  caused  a  significant  displacement 
and  for  these  conditions  no  determination  of 
starting  distance  was  possible.  This  situation 
occurred  when  the  displacing  object  was  located 
farthest  from  the  travel  path  and  the  test 
was  made  at  the  lowest  speed,  at  15  m.p.h. 
In  general,  lateral  displacement  occurred 
reliably  for  the  three  highest  speeds  and  the 
three  closest  object  locations.  The  distance 
at  which  displacement  began  could  reliably 
be  estimated  for  these  conditions.  Further 
analysis  was  done  only  on  these  data.  For  these 
combinations  of  speed  and  lateral  location  of 
the  object,  the  rate  of  change  of  angle  was  deter- 
mined for  each  speed  and  each  driver,  and  an 
analysis  of  variance  was  done  on  these  data; 
the  summary  is  shown  in  table  2.  As  shown, 
none  of  the  differences  were  significant.  It 
does  seem  reasonable  to  conclude,  therefore, 
that  there  is  a  constant  rate  of  change  of 
angle  between  the  driver  and  the  object  at  the 
point  where  displacement  is  begun. 

The  final  result  of  this  investigation  con- 
cerns the  spatial  relations  between  the  con- 
tours of  the  displacing  objects.  It  was 
hypothesized  that  displacement  would  be 
greater  when  the  base  of  the  triangle  was 
nearest  the  path  of  travel  than  when  the 
apex  was  so  located.  The  analysis  of  variance 
in  table  1  shows  that  there  was  a  significant 
difference  in  lateral  displacement  related  to 
object  orientation.  In  figure  8,  displacement 
is  plotted  as  a  function  object  location  for 
each  orientation  and  for  each  speed.  As  may 
be  seen,  the  difference  in  displacement  re! 
to  the  base  and  apex  orientation  increased 
with  speed  of  travel  and  decreased  as  object 
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Figure  .5. — Lateral  displacement  as  a  func- 
tion of  object  locution  at  different  speeds. 

distance  increased.  Again,  the  results  offered 
verification  for  the  hypothesis  that  lateral 
displacement  should  be  dependent  upon  the 
geometric  characteristics  of  the  displacing 
object. 

Discussion 

The  data  clearly  indicate  that  a  model  of 
lateral  displacement  based  on  the  rate  of 
change  of  visual  angle  best  fits  the  obtained 
results.  The  three  hypotheses  originally 
specified  for  this  model  were  validated.  Thus, 
as  the  model  predicts  for  one  hypothesis,  a 
direct  relationship  between  the  magnitude  of 
lateral  displacement  and  travel  speed  was 
confirmed.  A  second  hypothesis,  that  lateral 
displacement  would  be  started  at  a  longitudinal 
distance  functionally  related  to  vehicle  speed, 
was  also  confirmed  by  the  data.  The  data  for 
the  third  hypothesis,  that  the  determining 
factor  in  lateral  displacement  would  be  con- 
stant over  all  conditions,  indicated  a  strong 
confirmation. 

Threshold  for  visual  velocity 

Thus,  the  study  leads  to  an  explanation  of 
lateral  displacement  that  is  based  upon  the 
driver's  ability  to  detect  the  rate  of  change  of 
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Figure  6. — Latent!  displacement  as  a  func- 
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visual  angle  of  objects  near  his  path  of  travel. 
The  problem  for  a  driver  approaching  an 
object  near  his  path  of  travel  is  one,  from  a 
perceptual  standpoint,  in  which,  phenomenally, 
the  image  of  the  object  moves  across  the 
retina.  This  movement  is  actually  a  special 
case  in  the  general  field  of  the  visual  percep- 
tion (if  velocity.  The  major  differences  are 
thai  (1)  the  angular  velocity  of  the  target  in 
the  driving  situation  is  nonlinear,  and  (2)  the 
visual  angle  subtended  by  the  object  itself 
increases  as  the  observer  approaches. 

From  this  viewpoint,  it  is  worthwhile  to 
compare  the  angular  velocity  at  which  dis- 
placement begins  with  the  classical  research 
on  the  threshold  for  visual  velocity.  The 
work  of  J.  F.  Brown  (3)  indicated  absolute 
thresholds  in  the  range  of  1.0  to  10.0  minutes 
of  arc  per  second,  and  the  more  recent  work 
by  Rock  (J,)  indicated  an  absolute  threshold 
range  of  0.2  to  0.5  minute  of  arc  per  second 
when  luminance  was  carefully  controlled.  In 
the  present  experiment  the  range  of  angular 
velocity  at  the  beginning  of  displacement  was 
from  4  to  40  minutes  of  arc  per  second.  It  is 
obvious,  therefore,  that  the  driver  was 
responding  to  the  presence  of  an  object  near 
his  path  of  travel  at  a  point  where  its  angular 
velocity  approached  his  absolute  threshold. 

Within  the  framework  of  this  model,  it  is 
possible  to  define  the  process  of  displacement. 
If  the  driver,  traveling  at  a  certain  speed, 
increases  his  fixation  distance  along  the  road- 
way two  things  occur: 

One,  the  angular  velocity  of  elements  in  his 
field  of  view  decreases  rapidly.  Eventually 
all  elements  become  subthreshold  regardless 
of  their  lateral  separation. 

Two,  objects  located  at  increasing  lateral 
separation  from  the  line  of  sight  fall  on  the 
eye  outside  the  driver's  fovea  centralis,3  which 
will  cause  a  sharp  decrease  in  sensitivity  to 
velocity.  Thus,  there  exists  a  visual  oper- 
ating field  whose  size  is  determined  by  a 
physiological  characteristic  of  the  eye  and  a 
physical  function.  This  visual  operating  field 
is  shown  in  a  slightly  different  way  in  figure  9. 
As  the  driver  increases  the  distance  ahead  at 
which  he  establishes  a  point  of  reference,  as 
shown  on  the  abscissa,  the  lateral  distance  at 
which  an  object  must  be  located  in  order  to 
generate  a  detectable  velocity  increases 
rapidly.  Assuming  the  visual  field  is  3 
degrees  at  60  m.p.h.,  at  a  linear  distance  of  300 
feet,  objects  located  laterally  more  than  16 
feet  from  the  driver's  path  are  outside  his 
visual  field.  Conversely,  all  objects  laterally 
less  than  14  feet  from  the  driver,  although 
within  the  operating  field,  have  subthreshold 
angular  velocity  at  this  distance.  Actually,  it 
is  only  the  lateral  locations  shown  within  the 
hatched  area  of  figure  9  that  have  a  detectable 
angular  velocity  at  60  m.p.h.  Thus,  as  a 
driver  approaches  an  object  that  is  within  his 
visual  operating  field  at  60  m.p.h.  at  a  distance 
of  about  300  linear  feet,  if  there  is  no  detectable 
component  of  angular  velocity  the  object  will 
appear  to  be  in  his  path,  and  he  will  begin  to 
displace  laterally. 


3  The  small  area  in  the  eye  where  form  and  size  diserimina* 
tion  are  best. 
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Figure  7. — Effect  of  speed  on  distance  fron 
object  that  lateral  displacemen  t  is  started, 

The  process  for  detecting  lateral  positio 
becomes  a  fairly  direct  one  for  the  driver.  H 
must  adjust  his  point  of  fixation  to  that  die 
tance  at  which  there  is  a  sharp  decrease  i 
angular  velocity  for  objects  at  the  margins  c 
his  visual  field.  He  can  determine  this  poirj 
from  a  variety  of  cues  in  the  driving  enviror 
ments  such  as  pavement  texture,  shoulde 
contrast,  etc.  As  obstructions  first  enter  hi 
visual  field,  the  driver  is  able  to  make  a  simrj 
binary  judgment.  If  the  obstruction  has 
detectable  lateral  movement  it  cannot  be  in  hi 
path,  and  no  displacement  is  necessary.  If  i 
has  no  detectable  lateral  velocity  it  is  locate 
in  his  path  and  hence  he  begins  to  displace. 

The  foregoing  considerations  indicate  th 
the  driver  has  a  very  small  margin  of  time  an 
distance  within  which  to  operate  on  objec 
located  laterally  along  the  path  of  trave 
Assuming  no  restrictions  in  sight  distanoi 
only  3  to  10  seconds  are  available  for  tl 
driver's  decision  as  to  whether  a  displacemer 
is  necessary  and  how  much  is  required.  B 
operating  near  the  absolute  threshold 
angular  velocity,  the  driver  not  only  has 
stable  reference  for  detection  but  also  max 
mum  time  for  object  location,  as  well 
maximum  time  for  making  compensator 
steering  responses. 
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It  appears  reasonable  to  expect  that  those 
factors  found  from  classical  research  to 
influence  the  perception  of  visual  velocity 
would  be  applicable  to  lateral  displacement. 
Thus,  the  object  size  may  be  expected  to 
influence  displacement  because  of  the  effect 
of  stimulus  size  on  visual  velocity  (S).  This 
factor  of  size  as  it  affects  lateral  displacement 
has  been  studied  by  Case  et  al.  (/).  They 
found  that  there  was  a  significant  effect  on  the 
displacement  starting  point  and  also  the 
magnitude  of  the  displacement  as  a  function 
of  the  displacing  object's  size. 

It  may  also  be  expected  that  the  shape  of 
the  stimulus  will  influence  the  visual  percep- 
tion of  velocity.  The  results  of  this  study 
demonstrated  that  there  was  a  significant  re- 
duction in  lateral  displacement,  approxi- 
mately 15  percent,  when  the  apex  of  the 
triangle  was  oriented  toward  the  driver's 
path  of  travel.  Phenomenally,  of  course, 
these  results  imply  that  the  apex-oriented 
object  has  a  higher  visual  velocity  than  does 
the  base-oriented  one.  The  higher  the  speed 
of  travel  the  less  will  be  displacement  as  dis- 
placement occurs  in  relationship  to  perceived 
velocity  of  the  displacing  object  in  this  model. 

Effect  of  shape 


The  effect   of  shape   has   been  studied   by 

ii  Motokawa  (5)  by  means  of  electrical  stimula- 
tion  of  the  eye.     His   findings   bear   directly 

ci  upon  the  effects  on  lateral  displacement 
found    in    this    investigation    relative    to    the 

ia|triangular  displacing  object  orientation.  His 
work  suggests  that  the  physiological  correlate 
i  of  visual  velocity  is  the  amount  of  suppression 
of  retinal  response  exerted  on  the  retinal 
patliway  through  which  the  image  of  the 
moving  object  has  passed.  This  concept, 
called  retrograde  suppression,  can  account  for 
i  most  of  the  perceptual  results  in  the  study  of 
visual  velocity.  Thus,  Motokawa  suggests 
that  as  a  moving  stimulus  passes  across  the 
retina,  a  field  is  generated  about  the  object 
that  suppresses  activity  in  the  area  removed 
from  the  immediate  vicinity  of  the  stimulus 
itself.  Thus,  as  a  stimulus  moves  across  the 
retina  it  generates  retinal  activity  as  it  pro- 
ceeds and  acts  to  extinguish  or  neutralize  the 
retinal  activity  in  the  path  through  which  it 

,  Ihas   already   passed.     Hence,   the   lower   the 

^velocity  the  more  intense  the  stimulus,  or  the 
larger  the  object  the  greater  will  be  the  de- 
gree   of   retinal   suppression,    both    causing   a 

"perception    of    lower    angular    velocity.     In 

-jessence,  the  strength  of  the  suppressing 
{stimulus  is  the  correlate  of  the  perception  of 

__  velocity. 

The  intensity  of  the  suppression  is  also  re- 
lated to   the   nature   of  the   contours   of  the 

^stimulus.  Other  experimentation  by  Moto- 
kawa (6)  has  shown  that  the  strength  of  the 
field  about  an  object  is  determined  by  the 
contours  of  that  figure  as  well  as  its  size  and 

__  brightness.  For  a  triangle,  as  used  in  the 
2  displacement  study  reported  here,  the  field  of 
activity  is  at  a  minimum  at  the  intersection 
of  the  figure  contours.  Consequently,  the 
strength  of  the  field  that  acts  as  a  suppressor 
on  trace  activity  in  the  retina  is  at  a  minimum. 
The  perceived  velocity  of  the  figure  will  be  at  a 


MI 


maximum  when  the  apex  of  triangle  is  oriented 
to  path  of  travel.  It  is,  then,  on  the  basis  of 
the  differences  in  fields  of  suppression  that  the 
reduction  in  lateral  displacement  obtained  in 
this  study  can  be  explained  when  the  apex  is 
oriented  closest  to  the  driver's  path  of  travel. 

APPLICATIONS 

Placement  of  Objects 

In  the  light  of  this  study,  it  is  instructive  to 
examine  current  practices  relative  to  the  loca- 
tion of  signs  and  abutments  near  the  roadway. 
The  AASHO  Manual  for  Signing  and  Pavement 
Marking  of  the  National  System  of  Interstate 
and  Defense  Highways,  1961,  requires  that  no 
object  be  placed  nearer  than  6  feet  to  the  travel 
lane.  At  this  separation,  as  may  be  seen  in 
figure  9,  an  object  will  have  a  detectable  angu- 
lar velocity  depending  on  the  driver's  visual 
threshold  for  distances  up  to  300  feet  ahead 
of  a  driver  traveling  at  60  m.p.h.  As  the 
driver's  reference  distance  at  this  speed  is 
slightly  less  than  300  feet,  such  a  standard 
ensures  that  all  objects  will  have  a  supra- 
threshold  velocity  and  hence  the  driver  will 
locate  them  outside  his  travel  path.  Conse- 
quently there  will  be  no  displacement. 

It  is  also  obvious  that  this  standard  is  appli- 
cable only  to  highways  on  which  the  travel 
speed  averages  60  m.p.h.  At  higher  speeds  a 
greater  separation  would  be  required,  and  at 
lower  speeds  a  closer  spacing  may  be  tolerated. 
As  a  matter  of  fact,  the  data  from  this  study 
allow  the  determination  of  minimum  place- 
ment of  roadside  objects  for  any  desired  travel 
speed.  The  curve  in  figure  10  shows  this  rela- 
tion for  a  12-foot  lane  and  indicates  that  the 
minimum  lateral  location  to  eliminate  dis- 
placement increases  continuously  as  travel 
speed  increases.  It  is  also  obvious  that  at  low 
speeds  objects  actually  encroaching  a  12-foot 
travel  lane  may  be  tolerated  by  the  driver 
without  his  making  a  lateral  displacement. 

Every  attempt  was  made  to  obtain  a  maxi- 
mum lateral  displacement  in  the  design  of  this 
study.  It  was  initially  anticipated  that  the 
magnitude  of  displacement  in  this  study  would 
exceed  that  obtained  by  Case  et  al.  (S)  or 
Taragin  (4)  because  an  effective  25-foot  lane 
width  was  employed  and  no  other  obstacles 
were  in  the  driver's  path.  This  prediction  was 
not  borne  out  in  the  study.  Actually,  the 
magnitudes  of  displacement  were  a  half  to  a 
third  less  than  reported  in  the  other  field 
studies.  Two  reasons  may  account  for  this 
unexpected  result.  One  is  in  the  nature  of  the 
displacing  objects  and  the  other  is  the  factors 
affecting  the  driver's  ability  to  judge  his  line 
of  travel. 

In  this  study  the  absolute  size  of  the  object 
was  15  square  feet;  this  object  was  consider- 
ably smaller  than  the  displacing  objects  used 
by  Case  et  al.  (3),  which  had  minimum  and 
maximum  sizes  of  28  and  64  square  feet, 
respectively.  In  Taragin's  study  (4)  two  of 
the  objects  were  considerably  larger  than  the 
triangles  used  in  this  experiment.  In  terms  of 
the  model  of  displacement  proposed  in  this 
article,  it  would  be  expected  that  the  apparent 
velocity  of  the  displacing  object  will  be  greater 
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Figure   9.  —  Visual   velocity    threshold   con- 
tours at  four  speeds. 

for  the  smaller  object  and  hence  appear  fart  her 
from  the  driver's  path  of  travel. 

In  relation  to  the  factors  influencing  the 
driver's  ability  to  judge  his  line  of  travel 
accurately,  in  this  study  the  reflective  strip 
that  was  placed  on  the  pavement  to  measure 
lateral  position  was  clearly  visible  to  the 
driver.  All  five  drivers  appeared  to  orient 
themselves  relative  to  this  marking  so  that  it 
was  nearly  centered  under  the  vehicle.  The 
striping  apparently  served  as  a  direct  reference 
by  which  the  driver  could  define  his  path  of 
travel.  By  having  a  stable  reference  at  which 
the  driver  may  fixate,  the  detection  of  move- 
ment of  an  object  near  his  projected  path 
should  be  improved.  With  no  such  reference 
for  fixation,  the  driver's  line  of  vision  may  be 
expected  to  vary  laterally.  This  should  re- 
duce the  accuracy  of  his  estimation  of  the 
apparent  velocity  of  the  object  and  hence  add 
ambiguity  about  the  judgment  of  object 
location.  It  seems  reasonable  that  such  un- 
certainty would  amplify  a  driver's  response 
to  the  displacing  object,  and  the  result  would 
be  a  greater  magnitude  of  displacement.  If 
this  explanation  is  valid,  it  should  be  possible 
to  reduce  the  magnitude  of  lateral  displace- 
ment in  a  field  situation  by  providing  a  track- 
ing reference  line  for  the  driver.  A  testjof 
such  an  hypothesis  is  currently  underway ^at 
the  Bureau  of  Public  Roads. 
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Visiure  10. — Nearest  placement  of  roadside 
objects  that  causes  no  lateral  displace- 
ment. 
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Speed  Control 

this  study,  it  is  clear  that  a  driver 
can  exercise  control  over  the  magnitude  of  his 
ral  displacements  by  reducing  vehicle 
spied.  Conversely,  it  should  be  possible  to 
cause  a  speed  reduction  by  strategically 
placing  objects  relative  to  a  travel  path  within 
which  the  driver  has  little  freedom  to  displace. 
Such  situations  occur  in  construction  areas 
and  special  channelization  situations.  From 
the  data  presented  here  it  is  possible  to  develop 
a  relation  between  lateral  location  of  objects 
near  the  path  of  travel  and  the  travel  speed 
through  the  section. 

Three  conditions  must  be  met  in  order  to 
control  speed  in  this  fashion.  First,  there 
must  be  no  possibility  of  shifting  from  the 
travel  lane.  Second,  a  desired  terminal  speed 
must  be  selected.  Third,  a  maximum  accept- 
able deceleration  must  be  specified.  The  last 
two  determine  the  length  of  the  speed  transi- 
tion zone.  For  example,  if  the  input  speed  is 
50  m.p.h.  and  it  is  desired  to  reduce  speed  to 
15  m.p.h.  and  have  deceleration  not  to  exceed 
1  m.p.h.  per  second,  then  approximately  a 
1,100-foot  transition  section  must  be  used. 
Given  these  three  conditions  it  is  possible  to 
use  the  two  curves  shown  in  figure  11  to 
determine  the  lateral  location  of  the  objects 
(curve  1)  and  their  separation  from  one 
another  (curve  2). 

The  use  of  these  curves  may  be  shown  by 
an  example.  Suppose  that  travel  speed  ap- 
proaching a  construction  zone  is  50  m.p.h.  and 
that  it  is  desired  to  reduce  the  speed  of  ap- 
proaching traffic  in  a  12-foot  lane  to  15  m.p.h. 
and  have  a  deceleration  not  to  exceed  2  m.p.h. 
per  second.  Assuming  an  initial  sight  dis- 
tance greater  than  500  feet,  a  cone  would  be 
placed  relative  to  the  lane  so  that  the  driver 
would  decrease  his  speed  over  this  500  feet  to 
40  m.p.h.  Curve  1  in  figure  11  specifies  this 
placement  relative  to  the  driver  at  approxi- 
mately 11  feet.  Assuming  the  approaching 
vehicle  is  located  in  the  left  of  the  lane,  then 
the  cone  should  be  placed  1  foot  in  from  the 
edge  of  the  lane.  The  next  cone  should  be 
located  at  a  distance  from  the  first  as  deter- 
mined from  curve  2,  also  for  40  m.p.h.  This 
requires  that  the  second  cone  be  placed  180 
feet  beyond  the  first  and  one-half  foot  from 
the  edge  of  the  lane.  In  order  to  cause  :i 
speed  reduction  to  30  m.p.h.,  a  third  cone 
should  be  placed  3}-j  feet  from  the  edge  of  the 
lane,  140  feet  from  the  second  cone,  this  should 
then  he  repeated  and  a  fourth  cone  placed 
140  feet  beyond.  To  reduce  speed  to  20 
m.p.h.  the  lateral  position  for  the  next  cone, 
determined  from  curve  1,  should  be  0  feet  from 
the  driver  or  4U  feet  in  from  the  edge  of  the 
lane.  The  fifth  cone  should  be  placed,  as 
shown  in  curve  2,  85  feet  beyond  the  fourth 
cone.  A  sixth  cone  repeats  the  spacing  for 
the  fifth  cone  85  feet  beyond  the  fifth.  Finally 
to  reduce  speed  to  15  m.p.h.,  a  seventh  cone 
should  be  placed  5y2  feet  in  from  the  edge  of 
the  lane  70  feet,  beyond  the  sixth  cone. 

Thus,  by  using  a  minimum  of  seven  cones 
placed  as  described,  a-  smooth  reduction  of 
speed  can  be  brought  about  as  a  natural  con- 
sequence of  the  placement  of  objects  in  the 
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Figure  11. — Placement  and  spacing  functions  of  objects  for  speed  reduction. 


travel  lane.  Obviously,  more  cones  could  be 
used,  being  placed  according  to  the  relation 
with  speed  shown  in  curve  1  of  figure  11. 
This  approach  to  traffic  speed  control  would 
offer  several  advantages  over  existing  tech- 
niques if  it  actually  holds  in  the  field  situation. 
It  would  allow  a  specific  definition  and  pre- 
diction of  the  speed  of  traffic  and  would  ensure 
a  smooth  speed  transition.  It  may  also  per- 
mit a  far  more  reliable  means  of  control  than 
can  possibly  be  obtained  with  construction 
signing.  Hence,  this  approach  could  lead  to 
safer  traffic  movement  through  a  hazardous 
area. 

Effect  of  Truck  Width  on  Traffic 

The  effect  of  vehicle  width  on  traffic  has 
received  considerable  discussion.  One  aspect 
concerns  the  influence  of  trucks  on  traffic  and 
safety.  The  problem  essentially  is  one  of 
definition  of  how  the  size  of  a  vehicle  influences 
traffic,  if  it  does.  One  criterion  of  influence 
that  may  be  used  is:  When  two  vehicles  ap- 
proach, neither  shall  by  its  presence  in  its 
own  lane  cause  the  other  to  change  its  place- 
ment in  its  lane.  Such  a  criterion  has  three 
advantages:  (1)  Forced  changes  in  placement 
of  a  stream  of  traffic  may  be  expected  to  cause 
turbulence  in  flow  and  hence  affect  the  effi- 
ciency of  traffic  movement.  (2)  A  shift  in 
placement  forced  on  a  driver  implies  that  the 
driver  predicted  himself  on  a  collision  course. 
This  may  be  perceived  by  such  a  driver  as  an 
unsafe  situation.  (3)  It  is  possible  to  opera- 
tionally define  such  a  criterion. 

Using  this  criterion,  the  problem  basically 
is  a  variation  of  the  lateral  displacement 
effect.  It  may  be  treated  as  if  one  vehicle 
were  a  fixed  object  on  the  driver's  left  and 
the  other  vehicle  were  overtaking  at  a  velocity 
(v)  equal  to  the  sum  of  the  two  speeds. 
Any  lateral  shift  under  these  conditions  will 
be  caused  by  the  driver's  perception  that  the 
angular  velocity  of  the  oncoming  vehicle  is 
below  threshold.  From  the  data  in  this 
study,  the  factor  influencing  this  perception 
is  the  speed  of  the  affected  vehicle,  which 
determines  the  length  of  the  driver's  field  of 
view.  Thus,  to  calculate  the  influence  of  a 
vehicle  B  on  another  vehicle  A,  it  is  necessary  to 


determine  whether  the  angular  velocity  fo 
driver  of  A  exceeds  the  threshold  for  the  partic 
ular  conditions  of  va,  va-\-Vb,  and  latera 
separation.  By  using  the  threshold  value  fo 
angular  velocity  developed  in  this  study, 
is  possible  to  derive  the  relation  betweej 
lateral  separation  of  the  two  vehicles  and  th 
combined  velocity  va  +  vb  for  different  value 
of  Va-  This  is  shown  in  figure  12.  In  thi 
set  of  curves,  the  ordinate  is  the  lateral  separa 
tion,  the  abscissa  is  the  combined  speed,  an< 
the  parameter  is  the  speed  of  the  influence< 
vehicle,  vA-  For  each  curve,  all  points  lyinj 
to  the  right  of  each  va  curve  generate  a  supra 
threshold  angular  velocity  and  hence  will  no 
cause  a  displacement. 

Example 

As  an  example,  assume  a  lateral  separatioi 
equal  to  4  feet,  and  Va  equal  to  60  m.p.h 
At  what  combined  speed,  vA  +  vB,  will  there  b< 
no  influence  of  Bon  At  Using  the  60  m.p.h 
curve,  find  the  point  at  which  lateral  separa 
tion  of  4  feet  intersects  this  speed  curve 
From  the  abscissa,  the  combined  speed: 
(vab  +  vb)  required  to  generate  a  supra-thresholr 
velocity  is  184  feet  per  second  (f.p.s.).  A 
Va  is  known  to  be  88  f.p.s.,  vb  must  be  96  f.p.s 
In  other  words,  the  speed  of  the  influencin 
vehicle,  B,  must  be  64  m.p.h.  or  more  i 
vehicle  B  is  not  to  influence  vehicle  A.  Con 
versely  if  vb  is  actually  less  than  64  m.p.h. 
B  will  not  generate  a  threshold  angular  velocity 
hence  vehicle  B  will  be  perceived  in  th 
path  of  the  approaching  driver  A  who  wil 
displace  to  the  right. 

From  data  on  vehicle  placement  as  a  func- 
tion of  lane  width  (7),  it  is  possible  to  specify 
the  conditions  that  exist  on  a  highway  wher 
one  vehicle  overtakes  another.  The  data 
show  that  90  percent  of  the  time,  separation 
from  trucks  that  are  96  inches  wide  will  be 
no  less  than  4  feet.  For  trucks  102  inche 
wide,  it  may  be  expected  that  separation; 
would  be  no  less  than  3.5  feet.  If  the  85th, 
centile  speed  on  2-lane  rural  highway^ 
is  about  60  m.p.h.,  it  is  possible  to  determine 
the  effect  of  these  two  different  truck  widths 
on  opposing  traffic  on  roads  of  different  lane 
widths.      This    is    shown    in    figure    13.     It 
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Figure  12. — Lateral  separation  and  speed  functions  that  influence  approaching  vehicles. 


may  be  seen  that  with  a  12-foot  lane  width  the 

1  96-inch  wide  vehicle  must,  at  the  4-foot  sepa- 
ration,  be  traveling  at  a  speed  in   excess  of 

'  64  m.p.h.   if  it  is   not  to   influence  opposing 

:  traffic.  For  the  102-inch  wide  truck,  its 
speed  must  exceed  74  m.p.h.  at  the  3J4-foot  sep- 
aration to  ensure  no  displacement  effect 
on  the  opposing  traffic.  From  figure  13,  it  is 
possible  to  determine  these  relationships  for 
any  combination  of  speed  and  lane  width. 

The  two  factors  of  speed  and  lane  width 
in  relation  to  width  of  truck  are  the  main 
influences  on  magnitude  of  displacement. 
Influence  on  traffic  varies  inversely  with  the 
speed  of  the  truck  and  directly  with  the  speed 
of  the  approaching  vehicle.  In  general, 
truck  speeds  on  main  rural  highways  are 
significantly  lower  than  that  of  passenger 
cars.      At   higher   speeds   of  the   approaching 

1  vehicles,  truck  speed  must  be  nearly  the 
same  or  higher  to  avoid  causing  displacement 
of  the  oncoming  vehicles.  The  less  the  initial 
separation  the  greater  must  be  the  truck 
speed.  Although  truck  speeds  have  increased, 
keeping  pace  with  increased  passenger  car 
speed,  it  is  apparent  that  as  the  speed  trend 
of  passenger  cars  increases,  a  constant  differ- 

i  ence  in  speed  between  the  truck  and  passenger- 
car  will  cause  ever -increasing  displacement  of 
the  passenger  car  approaching  the  truck,     ln- 

:  creased  truck  width  will  markedly  increase 
this  cross-stream  effect  and  to  an  ever  greater 
extent  as  traffic  speed  rises. 

The  second  aspect  is  related  to  lane  width. 
Lane  width  is  one  determinant  of  placement 
and  hence  a  determinant  of  lateral  separation 
between  opposing  streams  of  traffic.  The 
'narrower  the  lane,  the  greater  must  be  the 
cross-stream  displacing  effects.     This  may  be 

'  seen  in  figure  13.  Here  the  mean  placement 
of  the  opposing  streams  in  their  lanes  is  used. 
For  example,  on  a  10-foot  lane,  a  96-inch  truck 
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would  have  to  travel  81  m.p.h.  to  ensure  no 
displacement,  and  a  102-inch  truck  would 
have  to  travel  at  94  m.p.h.  when  the  approach- 
ing cars  have  an  average  traffic  speed  of  60 
m.p.h.  At  a  45  m.p.h.  average  speed  for  ap- 
proaching cars,  the  speeds  of  the  96-inch  and 
102-inch  trucks  must  be  59  and  71  m.p.h., 
respectively.  Thus,  small  changes  in  lane 
width  or  truck  width  generate  large  changes 
in  cross-traffic  effects. 

This  analysis  has  not  considered  several 
variables  that  can  influence  the  effects  of 
truck  width,  such  as  the  sight  distance,  other 
traffic,  or  pavement  markings.  The  last  of 
these  especially  should  act  to  reduce  these 
cross-stream  effects.  Pavement  markings 
provide  a  significant  additional  cue  to  the 
driver  for  locating  opposing  traffic.  Indeed, 
a  center  line  marking  allows  a  driver  to  use 
an  additional  perceptual  process  for  judgment 
of  position.  He  now  has  available  a  basis  for 
employing  visual  acuity  or,  more  specifically, 
minimum  separable  acuity  for  making  judg- 
ments of  position.  If  the  driver  can  deted 
a  gap  between  the  pavement  marking  and  the 
nearest  contour  of  the  truck,  then  he  knows 
that  the  truck  cannot  be  in  his  path.  This 
cue,  of  course,  may  be  at  variance  with  the 
angular  velocity  cue  and  what  a  driver  does 
may  depend  on  the  magnitude  of  the  dispar- 
ity between  the  two.  However,  it  may  be 
expected  that,  in  general,  the  added  cue  of 
pavement  markings  will  reduce  cross-stream 
effects.    This  will  be  tested  in  future  research. 

The    Effects    on    Lane     Capacity    of 
Shoulder  Objects 

It  is  well  known  that  an  object  located  near 
a  travel  lane  will  reduce  lane  capacity.  An 
understanding  of  why  this  happens  may  be 
had    from    the    lateral    displacement    effect 
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Figure  13. — Minimum  speed  of  a  96-inch 
wide  truck  that  has  no  influence  on  ap- 
proaching vehicles  as  a  function  of  lane 
width. 

shown  in  the  study  reported  here.  As  a 
driver  approaches  a  fixed  object  he  is  detecting 
its  location  at  the  farthest  point  in  his  visual 
field  at  which  he  can  detect  angular  velocity. 
The  distance  at  which  such  detection  is  made 
and  the  magnitude  of  the  displacement  are 
directly  dependent  on  travel  speed.  If  a 
driver  is  in  a  line  of  traffic  traveling  at  30-40 
m.p.h.  and  traffic  is  also  approaching,  one  way 
he  can  reduce  the  magnitude  of  displacement 
from  a  shoulder  object  is  to  reduce  his  speed. 
A  slight  reduction  in  speed  will  not  only  give 
him  more  time  for  locating  a  shoulder  object 
but  also  will  minimize  the  magnitude  of  dis- 
placement. However,  at  or  near  lane  capac- 
ity, slight  reductions  of  speed  must  reduce 
the  lane  capacity. 

In  addition,  at  lane  capacity,  the  headways 
maintained  will  cause,  a  leading  vehicle  to 
limit  the  forward  view  of  a  following  driver. 
ThisN  will  markedly  influence  the  angular 
velocity  of  shoulder  objects  as  they  become 
visible  for  they  will  enter  a  driver's  field  of 
vision  at  a  closer  distance  than  in  free  flow. 
If  a  driver  detects  the  presence  of  a  shoulder 
object  before  he  can  detect  its  location — as 
will  normally  be  the  case: — he  may  be  expected 
to  adopt  a  greater  headway  in  order  to  improve 
his  detection  of  location.  This  increase  in 
headway  will  obviously  begin  considerably 
before  the  actual  location  of  the  shoulder 
object.  Under  these  conditions,  headways 
will  increase  and  lane  capacities  measured  at 
the  object  will  be  lower  than  they  would  be  if 
there  were  no  object.  The  presence  of  a 
shoulder  object  will  markedly  affect  the  speed- 
spacing  relationships  in  a  queue  of  traffic  and 
will  be  most  evident  at  or  near  lane  capacity 
where  displacement  must  be  limited  becausi 
of  traffic  in  adjacent  lanes.  To  maintain 
adequate  control,  the  driver  is  forced  to  com- 
promise in  speed  and/or  headway.  This 
should  lead  to  a  reduction  in  capacity  when 
the  highway  is  operating  at  or  near  capacity. 
If  the  changes  in  speed  or  headways  in  a 
queue  are  to  be  detected,  measurement  of 
these  variables  must  be  made  considerably  in 
advance  of  the  object  causing  them,  where  will 
depend  upon  the  visibility  of  the  obstructing 
objerl  . 
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Night  Visibility  mid  Collision  Avoid- 
ance 

This  investigation  also  has  relevance  for  the 
more  general  problem  of  the  visibility  of  sta- 
tionary objects  on  or  near  the  highway.  This 
problem,  especially  acute  at  night,  has  re- 
ceived considerable  attention  in  the  safety 
field  for  many  years.  In  general,  it  has  been 
conceived  primarily  as  a  problem  in  object 
detection.  From  1  he  results  obtained  in  this 
study,  it  would  seem  reasonable  that  not  only 
the  detection  of  an  object  is  important  but 
also  the  ability  of  the  driver  to  locate  that 
object  relative  to  the  path  of  travel.  For, 
even  if  the  driver  detects  the  object,  it  is  also 
necessary  to  ascertain  w:hether  it  is  in  or  near 
his  path  of  travel.  Obviously,  the  brightness 
of  the  object  or  its  contrast  with  its  surround- 
ings, its  size,  and  its  shape,  and  fundamental 
factors  in  this  dynamic  localizing  process. 
In  this  context,  two  classes  of  collision  situa- 
tions may  be  considered:  collisions  with  a 
fixed  object  and  head-on  collisions. 

In  approaching  a  fixed  object  in  or  near  t  he 
travel  lane,  a  driver  is  faced  with  two  prob- 
lems. One  is  the  detection  of  presence  of  an 
obstruction  and  the  other  is  the  detection  of 
its  location.  The  former  problem  has  been 
studied  and  many  of  the  determinants  of 
visibility  have  been  defined.  It  would  appear 
that  visibility  (detection  of  the  presence  of  an 
object  in  a  driver's  path)  alone  cannot 
account  for  the  frequency  of  collisions  with 
fixed  objects.  Only  under  extreme  operating 
conditions  will  visibility  be  so  compromised 
that  collisions  will  occur  because  drivers  do 
not  see  an  object . 

On  the  other  hand,  many  of  the  factors  that 
influence  visibility  also  influence  localization. 
These  factors  of  size,  shape,  contrast,  and 
brightness  have  as  much  of  an  effect  on  detec- 
tion of  angular  velocity  as  they  do  on  visibility. 
Thus,  for  example,  from  Blackwell's  data  (S) 
an  object  6  feet  wide  having  a  contrast  with 
its  surroundings  of  0.010  at  an  adapting 
brightness  of  0.1  footlambert  would  be  de- 
tected at  about  800  feet  from  the  observer. 
From  the  data  collected  in  the  study  reported 
here,  the  driver  cannot  make  localization 
detection  at  distances  much  beyond  300  feet 
for  speeds  under  60  m.p.h.  Hence,  it  would 
seem  far  more  reasonable  to  look  at  errors  in 
location  as  a  basis  for  fixed  object  collisions. 

Because  of  the  limitations  in  localization 
detection,  one  obvious  prediction  is  that 
collisions  with  fixed  objects  should  increase 
more  than  other  types  of  accidents  from  day 
to  night  driving.  Data  from  accidents  on 
main  rural  highways  indicate  that  the  total 
accident  rate  doubles  from  day  to  night,  but 
the  rate  for  collisions  with  fixed  objects  more 
than  triples.  It  is  also  predictable  that  the 
probability  of  such  collision  should  rise  as  the 
effective  size  of  a  fixed  object  decreases.  In 
this  context,  effective  size  refers  to  the  area 
of  an  object  that  is  continuously  above  the 
threshold  of  visibility  for  the  approaching 
driver.  This  relation  would  exist  because  the 
apparent  angular  velocity  of  an  object  de- 
creases with  increasing  size.  Hence,  the 
smaller  the  size  of  the  object  the  greater  is  its 
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apparent  velocity.  In  terms  of  localization, 
this  could  mean  that  smaller  objects  more 
likely  would  be  located  outside  the  driver's 
path  of  travel  than  would  larger  ones,  all  other 
things  being  equal.  It  is  reasonable  to 
predict  on  this  basis  that  highway  lighting 
may  reduce  collisions  with  shoulder  objects 
but  not  those  occurring  within  the  traffic, 
stream. 

Effective  size  can  obviously  be  translated 
into  other  dimensions  of  the  visual  stimulus 
and  the  same  sort  of  relations  predicted. 
Thus  the  brightness  of  the  object  or  its  contrast 
with  its  surroundings  will  all  effect  localization 
in  expected  directions.  Glare,  which  reduces 
the  contrast,  will  also  markedly  raise  localiza- 
tion thesholds. 

Examination  of  the  factors  influencing  col- 
lisions with  fixed  objects  indicates  that  this 
problem  involves  far  more  than  simple  de- 
tection of  the  presence  of  an  object.  Although 
accident  reports  on  this  type  of  collision 
frequently  quote  the  driver  as  not  seeing  the 
object,  it  would  appear  that  these  reports 
more  usually  refer  to  a  driver's  not  seeing  the 
object's  position  relative  to  his  path  of  travel. 
It  is  apparent,  therefore,  that  any  thorough 
analysis  of  this  problem  must  be  concerned  not 
only  with  absolute  visibility  but  also  with 
the  accuracy  of  roadside  object  location  and 
the  driver's  ability  to  locate  himself  in  his 
path  of  travel. 

The  problem  of  head-on  collisions  may  also 
be  viewed  within  the  context  of  the  locali- 
zation problem.  Here  the  problem  for  the 
driver  is  to  locate  an  approaching  vehicle 
relative  to  his  path  of  travel.  The  same 
factors  determining  displacement  relative  to 
truck  size  apply  here.  The  conditions  are  far 
more  severe  at  night,  however,  than  in  day- 
light for  many  of  the  cues  present  in  daytime 
are  eliminated  at  night.  Thus  cues  to  vehicle 
size  are  almost  completely  missing  because  of 
headlight  glare.  The  localization  cues  using 
pavement  markings  also  are  almost  eliminated. 
Thus,  at  night,  a  driver  must  localize  ap- 
proaching vehicles  on  the  basis  of  the  angular 
velocity  contributed  by  the  headlights.  In 
effect,  a  driver  has  only  a  dominating  glare 
source  to  use  as  a  cue  to  localization. 

Localization  judgments  are  made  at  dis- 
tances under  about  300  feet.  At  these  dis- 
tances normal  separations  between  approach- 
ing vehicles  is  1.6  degrees.  On  lowr  beams, 
the  effective  intensity  at  an  approaching 
driver's  eye  is  of  the  order  of  17,000  foot- 
lamberts.  The  size  of  the  source  is  5  inches. 
Thus,  the  approaching  driver  is  faced  with  an 
extremely  bright  source  of  extremely  small 
size.  The  two  complement  to  generate  a 
high  apparent  angular  velocity.  To  the  ap- 
proaching driver  this  implies  a  large  separa- 
tion between  himself  and  the  vehicle  he's 
approaching. 

In  addition,  the  glare  from  the  approaching 
headlights  sharply  reduces  the  cues  available 
to  the  driver  for  locating  himself  in  his  own 
lane.  Consequently,  in  the  approaching  situ- 
ation, conditions  are  conducive  for  a  driver 
making  maximum  errors  in  locating  an  ap- 
proaching vehicle  relative  to  his  own  path  of 
travel,  which  should  increase  the  probability 


of  head-on  collisions.  Accident  data  fror 
main  rural  highways  do,  in  fact,  indicate  tha 
the  rate  for  this  type  of  collision  rises  more  a 
night  than  does  any  other  type  of  collisior 
except  those  with  fixed  objects.  Thus,  wher 
the  rates  for  angle  and  rear-end  collision 
increase  about  one-half  from  day  to  night 
head-on  collision  rates  rise  2.5  times.  I 
part,  at  least,  this  increase  may  be  attribute 
to  the  degradation  in  localization  detectio 
because  of  the  extreme  conditions  existing  i 
these  approaching  situations. 

One  advantage  of  medians  becomes  readil 
apparent  from  these  considerations.  Median 
effectively  eliminate  the  entire  problem  of  th 
location  of  approaching  vehicles.  From  th 
data  in  this  study,  medians  of  only  5  to  1 
feet  are  needed.  Howrever,  in  darkness,  th 
higher  figure  will  minimize  not  only  errors  i 
detection  of  location  but  will  also  leave  sum 
brightness  contrast  in  the  median  area.  Tha 
is,  there  will  amost  always  be  some  detectabl 
contrast  between  pavement  and  median  tha 
will  improve  localization  for  the  driver, 
is  also  obvious  that  the  effects  of  a  wide  gras 
median  may  be  obtained  with  a  fence  o 
glare  screen  and  a  narrow  separation  betweej 
opposing  lanes.  From  the  standpoint 
localization  detection,  any  object  such  as  thi 
will  function  as  an  interposition  cue  that  wil 
almost  completely  eliminate  any  uncertaint 
as  to  location  of  an  approaching  vehicle 
Thus,  either  wide  grass  median  or  a  divide 
providing  an  unambiguous  cue  to  separatioi 
may  be  used  to  prevent  localization  errors 
From  the  drivers'  standpoint  either  would  bi 
effective. 
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Data  pertinent  to  the  ownership  and  use  of  the  automobile  in  daily  life  in 
America  have  been  com  piled  from  several  motor-vehicle-use  studies  and  sum- 
marized and  analyzed  in  this  article.  State  motor-vehicle-use  studies,  a  Nation- 
wide Automobile-Use  Study  conducted  by  the  Bureau  of  the  Census  for  the 
Bureau  of  Public  Roads,  and  other  Census  and  Public  Roads  statistical  studies 
provided  the  source  material  for  this  article.  The  analysis  presented  here  is 
expected  to  be  useful  to  highway  planners  in  assuring  that  future  highway 
construction  will  be  adequate  for  the  area  to  be  served. 

Although  all  States  did  not  participate  in  the  motor-vehicle-use  studies,  the 
characteristic  factors  of  automobile  ownership  and  use  presented  in  this  article 
may  be  considered  representative  of  all  sections  of  the  United  States.  This  was 
subs  tan  t  ia  ted  by  comparison  of  the  resultsfrom  the  Sta  te  s  I  udies  ivi  t  h  the  findings 
obtained  in  the  national  study  conducted  by  the  Bureau  of  the  Census.  How- 
ever, when  detailed  pertinent  local  information  on  the  characteristics  of  owner- 
ship and  use  of  automobiles  and  travel  is  needed  to  supplement  other  planning 
and  research  work,  the  basic  data  must  come  from  a  State  study  such  as  the 
mo  tor -vehicle-use  study. 


Introduction 

THE  PRIMARY  purpose  of  this  article  is 
to  present  summary  data  on  the  character- 
istics of  ownership  and  use  of  automobiles  J 
based  on  the  findings  of  a  number  of  studies. 
Data  on  ownership  and  use  from  studies  in  18 
States  have  been  added  to  the  results  reported 
in  Motor- Vehicle-Use  Studies  in  Six  States 
(1).-  Complete  reports  are  not  available  from 
all  the  more  recent  studies,  but  sufficient  data 
have  been  obtained  to  permit  expansion  and 
updating  material  in  the  earlier  report. 

In  addition  to  the  State  motor-vehicle-use 
studies,  the  Bureau  of  the  Census  under  con- 
tract with  the  Bureau  of  Public  Roads  has 
collected  national  data  on  some  character- 
istics of  automobile  use.  These  data  have 
been  correlated  with  economic  data  that 
Census  collects,  such  as  that  for  income  and 
composition  of  families. 

Information  is  presented  here  on  distribu- 
tion of  automobile  ownership  by  occupational 
groups,  distribution  of  drivers  by  age  and  sex, 
mode  of  travel  used  for  home-to-work  trips, 
and  purpose  of  travel.  Data  are  also  pre- 
sented on  automobile  ownership  by  income 
group  and  by  purpose  of  travel  for  each  trip 
for  each  day  of  the  week.  Some  comparisons 
have  been  made  between  the  data  provided  in 
the  motor- vehicle-use  studies  conducted  by 
most  of  the  State  highway  departments  at 
different  times  between  1935  and  1940  and  the 
studies  conducted  since  1951. 


1  The  terms  "automobile"  and  "passenger  car"  are  used 
synonymously  in  this  article. 

2  References  indicated  by  italic  numbers  in  parentheses  are 
listed  on  p.  255. 
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Background 

No  great  battery  of  classified  data  need  be 
marshaled  to  support  the  conclusion  that  the 
automobile,  no  less  than  the  motortruck,  has 
been  a  dominant  shaper  of  the  American 
way  of  life.  The  extent  of  dependence  on  the 
automobile  has  long  been  recognized  by  the 
Bureau  of  Public  Roads  and  others;  it  was 
stated  as  long  ago  as  1949  by  Wilfred  Owen 
{2)  in  introducing  his  study  of  automotive 
transportation.     He  said  in  part: 

"Automotive  transportation  is  the  most 
extensive  medium  of  passenger  movement  in 
the  United  States,  dwarfing  all  other  agencies 
of  transport  combined.  .  .  .  The  impor- 
tance of  passenger  car  transportation  in  the 
family  budget  is  .  .  .  indicated  by  the  fact 
that  after  food,  housing,  and  clothing,  auto- 
mobile transportation  outlays  are  fourth  in 
order  of  magnitude  among  consumer  expend- 
itures. .  .  . 

"The  effects  of  the  automotive  age  on  the 
average  American  may  be  seen  in  the  location 
of  his  home  and  his  work,  his  occupation,  his 
recreation,  and  in  the  enlarging  radius  of  his 
social  and  business  activities.  .  .  .  Today 
it  is  difficult  to  visualize  the  American  economy 
before  the  advent  of  the  motor  vehicle,  so 
completely  has  the  Nation  become  geared  to 
the  workings  of  internal  combustion. 

"There  is  indication  that  the  far-reaching 
effects  of  the  motor  vehicle  on  our  industry  and 
living  habits  have  only  begun  to  be  felt." 

The  growth  and  influence  of  the  use  of  pri- 
vate automobiles  lias  been  almost  entirely  a 
20th-century  phenomenon,  the  automobiles 
registered   at    the    beginning   of   the    century 
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numbered  a  mere  s,000.  In  25  years  the  num- 
ber registered  had  risen  to  17  million,  in  50 
years  the  number  increased  to  40  million  (3), 
and  by  1961  registered  automobiles  numbered 
more  than  63  million  (4).  The  number  of 
registered  automobiles  is  expected  to  continue 
to  increase  and  by  1966  total  an  estimated 
75  million  and  by  1976  reach  an  estimated 
95  million  (£).  In  1961  more  than  89  million 
operator  licenses  were  estimated  to  be  in  force 
(6).  The  advent  of  the  automobile  has  greatly 
enlarged  the  area  within  which  people  can  live 
and  work.  For  people  who  lived  3  miles  from 
the  heart  of  the  city  in  1890,  from  30  to  45 
minutes  was  required  to  get  downtown  by  a 
streetcar.  The  competition  between  the  pub- 
lic transportation  systems  and  private  auto- 
mobiles was  noticeable  by  1920.  People  had 
found  that  they  could  live  farther  from  their 
places  of  employment  and  get  to  work  by 
automobile,  even  over  unpaved  roads,  in  10 
to  15  minutes  (7).  Thus  a  chain  of  circum- 
stances was  set  in  motion  that  has  had  and 
continues  to  have  great  economic  and  social 
implications.  One  of  the  more  recent  effects 
is  the  number  of  outlying  shopping  areas  and 
medical  centers  that  have  been  developed  to 
service  people  living  from  a  few  miles  to  15 
or  20  miles  from  the  central  business  districts. 
The  evidence  suggests  that  people  living  in 
outlying  areas  are  willing  to  travel  farther  to 
get  to  their  places  of  work  than  to  gel  to 
shopping  and  service  areas. 

The  resultant  influx  of  automobiles  into 
the  downtown  business  areas  from  the  mass 
home-to-work  movement  of  workers  has  cre- 
ated problems.  State  and  local  governments 
have  been  faced  with  the  necessity  of  building 
urban  expressways.  At  the  same  time  pro- 
visions for  parking  have  been  necessary; 
parking  lots  and  parking  meters  have  been 
established  throughout  most  business  districts. 

Data  from  the  motor -vehicle-use  studies  of 
21  States  show  that.  53.7  percent  of  gainfully 
employed  persons  requiring  transportation  to 
work  drove  their  automobiles  and  14.8  percent 
were  passengers;  thus  68.5  percent  of  this 
group  traveled  to  work  in  automobiles.  Ac- 
cording to  table  94  (8),  "Means  of  Transpor- 
tation to  Work  of  Workers  During  the  Census 
Week,  for  the  United  Slates,  Urban  and  Rural: 
1960,"  automobiles  were  used  for  transpoi 
tion  to  place  of  employment  by  09  percent  ol 
the  workers. 
State  motor-vehicle-us<-  studies 

Recognizing  the  need  fur  up-to-date  infor- 
mation  on  the   characteristics    of   ownership 
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Figure  1. — Stales  participating  in  the  motor-vehicle-use  studies  and  year  of  study. 


and    travel    by    automobiles    and    trucks,    24 

State  highway  departments  in  cooperation 
with  tlie  Bureau  of  Public  Roads  have  con- 
ducted State  motor-vehicle-use  studies.  These 
studies,  made  at  different  times  between  1951 
and  1958,  were  designed  to  provide  informa- 
tion, not  available  from  regular  traffic  count 
surveys,  about  the  characteristics  of  owner- 
ship and  use  of  motor-vehicles,  trip-length 
distributions,  occupational  groupings  of  mem- 
bers of  households,  mode  of  transportation 
used  for  home-to- work  trips,  purpose  of  travel, 
and  age  and  sex  of  motor-vehicle  operators. 
Data  from  similar  studies  conducted  by  most 
Stale  highway  departments  between  1935  and 
1940  have  permitted  historical  comparisons  to 
be  made  by  State  for  the  distribution  of  data 
on  travel  for  business  and  pleasure. 

Nationwide  automobile-use  study 

In  the  fall  of  L959  and  the  spring  of  1961, 
the  Bureau  of  the  Census,  under  contract 
with  Public  Roads,  collected  data  on  a  na- 
tional basis  on  characteristics  of  ownership 
and  use  of  automobiles.  Because  the  Bureau 
of  the  Census  surveyed  the  same  households 
(approximately  -1,000)  from  which  other  eco- 
nomic data  had  been  obtained,  the  automobile 
information  collected  for  Public  Roads  could 
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be  correlated  with  economic  information  on 
family  income  and  age  composition  of  the 
households. 

t,)]>lications  of  Data 

The  results  of  the  24  State  studies  and  the 
national  study  have  been  used  for  many 
different  purposes  at  all  levels  of  government. 
At  the  national  level,  the  basic  data  available 
from  these  studies  have  been  used  by  con- 
gressional  committees  studying  highway  legis- 
lative affairs,  by  civil  defense  planning  officials, 
by  national  and  regional  planning  officials, 
and  by  other  government  agencies.  State, 
city,  and  county  planning  agencies  have  used 
the  travel  data  on  the  different  highway  sys- 
tems to  enable  administrators  to  plan  for  the 
future  demands  for  highway  transportation. 
State  legislative  committees  have  adapted  the 
motor-vehicle-use  data  for  use  in  determina- 
tion of  the  equity  of  the  present  tax  structure 
and  proposed  revisions.  These  data  have 
also  proved  to  be  useful  in  developing  mathe- 
matical models  for  forecasting  traffic. 

Information  on  the  distribution  of  travel 
by  purpose  and  trip-length  groupings  and 
travel  on  the  different  highway  systems  by 
rural  and  urban  residents  is  also  useful  to 
research  and  trade  associations.      These  data 


are  used  by  industry  and  marketing  researc 
staffs  of  the  automotive,  fuel,  and  the  mam 
facturing  groups  for  estimating  the  needs  fc 
highway  services. 


Summary 

Some   of   the   principal   findings   from   coi 
sideration    of    data    obtained    in    the    Stat 
studies  and  Census  survey  are  summarized 
the  following  paragraphs. 

Distribution  of  automobiles 

Automobile  ownership  by  occupied  dwellii 
unit  was  reported  in  both  the  State   motoi 
vehicle-use   studies    and   the    Census   survey 
Automobiles  were  reported  for   occupants 
more  than  80  percent  of  the  dwelling  units 
unincorporated   places,    about    60   percent 
those  in  incorporated  places  having  a  popul 
tion  of   100,000  or   more,   and   75  percent 
those   in   incorporated  places   having  popul 
tions  of  less  than  25,000.   The  relation  betwee 
automobile  ownership  and  family  income  wa 
a  feature  of  the  Census  survey  conducted  i 
the  spring  of   1961.     Of  the  families   havin 
an  annual   income   of   more   than   $5,000,    9 
percent  or  "more  reported  owning  automobiles 
When  the  annual  income  was  less  than  $2,00 
fewer    than    40   percent    of   the   families    ha 
automobiles. 
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Motor-vehicle   operators 

According  to  the  State  motor-vehicle-use 
studies,  about  four-fifths  of  all  males  and 
two-fifths  of  all  females  of  driving  age  \ 
licensed  operators,  and  more  than  two-thirds 
of  all  persons  between  the  ages  of  21  and  50 
were  licensed  operators.  About  90  percent 
of  all  males  and  slightly  more  than  53  percent 
of  all  females  between  the  ages  of  21  and  39 
were  licensed  operators,  and  68  percent  of  all 
males  and  20  percent  of  all  females  between 
the  ages  of  GO  and  69  were  licensed  operators. 

Travel  to'and'from  work 

The  automobile  was  the  principal  means  of 
transportation  to  and  from  work  according  to 
data  collected  in  the  State  studies.  Two  out 
of  every  three  workers  traveled  to  work  in 
automobiles  and  one  in  seven  workers 
was  a  passenger  in  an  automobile.  Fifteen 
percent  of  all  workers  used  public  transporta- 
tion and  12  percent  walked  to  work.  Among 
different  occupational  groups,  40  percent  of 
the  personal  service  workers  and  almost  80 
percent  of  the  craftsmen  and  skilled  laborers 
traveled  to  work  by  automobile.  One-half  of 
all  workers  living  less  than  1  mile  from  their 
place  of  employment  walked  to  work.  Eleven 
percent  of  those  living  from  1  to  2  miles  from 
work  also  walked.  More  than  70  percent  of 
the  workers  living  from  1  to  5  miles  from 
work  traveled  by  private  automobile. 

Use  characteristics  for  passenger  cars 

The  number  of  trips  and  vehicle-miles  of 
travel  reported  in  the  State  motor-vehicle-use 
studies  are  discussed  in  the  following  para- 
graphs. 

Forty-six  percent  of  all  trips  and  44  percent 
of  all  miles  traveled  in  passenger  cars  were 
related  to  earning  a  living.  For  residents  of 
incorporated  places,  a  higher  proportion  of 
passenger-car  trips  and  total  miles  of  travel 
was  for  trips  related  to  earning  a  living  than 
the  proportion  for  residents  in  unincorporated 
areas. 

Trips  for  family  business  accounted  for  29 
percent  of  all  trips  and  19  percent  of  all  travel; 
18  percent  of  all  trips  and  34  percent  of  all 
travel  was  for  social  and  recreational  pur- 
poses. The  average  length  of  one-way  trips 
for  all  purposes  was  8  miles;  the  range  in 
length  among  the  different  purposes  was 
from  4.1  miles  for  educational,  civic,  and 
religious  purposes  to  6.4  miles  for  work  trips 
and  to  296  miles  for  vacations. 

The  average  occupancy  rate  for  all  trips 
was  1.7  persons  per  trip.  Average  occupancy 
per  trip  for  different  purposes  was:  1.3  for 
trips  related  to  earning  a  living,  1.9  for  trips 
for  family  business,  and  2.4  for  trips  for 
educational,  civic,  religious,  social,  and  recre- 
ational activities.  Principal  operators  of  the 
automobiles  were  responsible  for  88  percent 
of  all  vehicle-miles  traveled  and  86  percent  of 
all  trips.  Housewives  drove  for  10  percent 
of  all  reported  passenger-car  vehicle-miles. 

The  following  information  was  obtained 
from  the  Census  survey  conducted  in  the 
spring  of  1961.  The  average  trip  length  for 
all  days  of  the  week  was  8  miles;  the  range  in 
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length  among  the  days  of  the  week  was  from 
7  miles  on  Thursday  to  10.6  miles  on  Sunday. 
The  largest  proportion  of  the  trips  and  travel 
related  to  earning  a  living  were  made  by 
automobile  on  Mondays  and  Fridays.  The 
largest  proportion  of  trips  for  shopping  were 
made  on  Saturdays.  Almost  half  of  all  trips 
and  three-fifths  of  all  travel  for  social  and 
recreational  purposes  was  accomplished  on 
weekends. 

Description    and    Status    of   Studies 

Motor-vehicle-use  studies  are  designed  to 
obtain  information  about  the  characteristics 
of  ownership  and  use  of  motor  vehicles  and 
were  first  conducted  in  most  States  during 
the  years  1935  to  1940.  As  the  number  of 
vehicles  manufactured  has  increased  and  their 
characteristics  have  changed  substantially 
since  the  earlier  studies,  more  nearly  current 
information  has  been  needed  for  research  and 
planning  purposes.  State  and  national  auto- 
mobile-use studies  were  conducted  to  obtain 
this  needed  data. 

State  motor-vehicle-use  studies 

The  State  motor-vehicle-use  studies  are 
conducted  by  the  State  highway  departments 
as  projects  under  the  highway  planning 
program  and  have  the  technical  cooperation 
and  financial  assistance  of  the  Bureau  of 
Public  Roads.  The  basic  purpose  of  these 
studies  is  to  assemble  more  detailed  informa- 
tion about  the  characteristics  of  ownership 
and  use  of  motor  vehicles  than  can  be  ob- 
tained from  the  regular  traffic  count  surveys. 
The  types  of  information  collected  include: 

.  Ownership  of  automobiles  and/or  trucks 
related  to  population  size  of  the  owners'  places 
of  residence. 

.  Distribution  of  motor-vehicle  operators 
according  to  age  and  sex. 

.  Mode  of  transportation  used  for  home-to- 
work  travel  related  to  distance,  occupation, 
and  population  size  of  the  automobile  owners' 
places  of  residence. 

.  Travel  by  type  of  highway  system  related 
to  population  size  of  the  automobile  owners' 
places  of  residence. 

.  Trips  made  and  miles  traveled  in  pas- 
senger cars  according  to  purpose  of  the  indi- 
vidual trip  and  population  size  of  the  auto- 
mobile owners'  places  of  residence. 

.  Average  length  of  passenger-car  trips 
according  to  purpose  of  individual  trips. 

.  Automobile  ownership  by  year  model  and 
population  size  of  the  owners'  places  of 
residence. 

.  Estimated  travel  made  in  passenger  cars 
according  to  car-year  model. 

.  Estimated  fuel  consumption  by  passenger 
cars  and  trucks. 

.  Annual  vehicle-miles  of  travel  by  trucks 
(visual  classification)  on  each  highway  system. 

Essentially,  the  motor-vehicle-use  study 
was  based  on  recognized  statistical  processes 
in  which  sampling  techniques  are  used  wherein 
selections  are  made  on  a  probability  basis. 
The  data  for  each  household  were  obtained 
by  personal  interviews  with  occupants  of  the 
sample  dwelling  units.  The  sample  design 
included    consideration    of    both    rural    and 


urban  characteristics  of  the  State.  The 
procedure  followed  in  all  but  the  earlier 
studies  provided  for  a  frill  year  coverage  of 
ownership  and  travel  data:  the  interview 
sample  in  each  population  group  was  divided 
into  four  equal  segments,  and  a  sampling  was 
taken  each  season. 

The    interviewers    wen-  ted,    trained, 

and  supervised  by  State  highway  planning 
personnel.  The  sample  units  were  preselected 
by  the  study  supervisors  and  the  interviewers 
were  not  permitted  to  make  substitutions.  A 
few  State  highway  departments  contracted 
with  the  U.S.  Bureau  of  the  Census  to  perform 
some  phases  of  the  study,  including  prepara- 
tion of  the  sample  design,  accomplishment  of 
interviews,  and  contributions  of  other  tech- 
nical assistance.  The  services  performed  by 
Census  varied  from  State  to  State.  These 
State  studies  in  which  Census  participated 
were  not  the  same  as  the  nationwide  auto- 
mobile-use study,  which  was  conducted  in  its 
entirety  by  the  Bureau  of  the  Census  under 
contract  to  Public  Roads.  Since  1951,  the 
24  States  shown  in  figure  1  have  conducted 
motor-vehicle-use  studies.  Partial  or  com- 
plete reports  have  been  received  from  all  of 
them.  A  few  States  have  prepared  popular- 
ized  versions  of  the  reports  for  general 
distribution. 

Nationwide  automobile-use  study 

In  1959  the  Bureau  of  Public  Roads  con- 
tracted with  the  Bureau  of  the  Census  to 
collect  on  a  nationwide  interview-sample 
basis  specific  information  on  characteristics  of 
ownership  and  use  of  automobiles.  Although 
almost  half  of  the  States  had  conducted 
motor-vehicle-use  studies,  Public  Roads  de- 
sired confirmation  of  the  findings  and  addi- 
tional data.  Reliable  information  was  needed 
to  establish  benchmark  data  and  to  determine 
factors  for  estimating  future  trends  in  auto- 
mobile ownership,  vehicle  mileage,  and  reve- 
nues from  motor-vehicle  user  taxes.  This 
information  was  also  urgently  needed  on  a 
national  and  regional  basis  for  the  Highway 
Cost  Allocation  Study  required  by  section  210 
of  the  Federal  Highway  Revenue  Act  of  1956 
(70  Stat.  387),  as  amended  by  section  2  of  the 

Act  approved  August  28,  1958.     Census  ( - 

ducted  the  first  survey  in  the  fall  of  1959  and 
the  second  in  the  spring  of  1961.  The  princi- 
pal purpose  of  the  spring  1961  survey  was  to 
measure  patterns  of  use  in  the  spring  in  com- 
parison with  patterns  of  use  determined  in  the 
survey  of  fall  1959  and  to  obtain  some  socio- 
economic-location  information  related  to 
households. 

Principal  items  of  motor-vehicle-use  infor- 
mation collected  in  the  Census  surveys  were: 

.  Households  classified  by  density  of  auto- 
mobile ownership,  total  family  income,  and 
number  of  adults  in  households. 

.  Distribution  of  automobile  trips  generated 
from  places  of  each  population-size  group  and 
classification  of  automobile  trips  according  (o 
length  and  purpose  of  each  trip. 

.  Distribution  of  automobile  vehicle-miles 
generated  from  places  of  each  population 
group  and  classified  as  to  length  and  purpose 
of  each  trip. 
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Table  1. — Distribution  of 

automobile  ownership  per  occupied  dwelling 

unit,  classified  by  location  an 

d  data  from  th 

ree  surveys  ' 

Location  of 
dwelling  units 

Automobile  ownersh 

ip  per  occupied  dwelling  unit 

1 

2 

3  or  more 

1  or  more 

None  2 

Motor- 

vehicle- 

use 

nal  auto-use 

Motor- 

vehicle- 

use 

National  auto-use 

Motor- 

vehicle- 

use 

National  auto-use 

Motor- 

vehiele- 

use 

National  auto-use 

Motor- 

vehiele- 

use 

National  auto-use 

1959 

1961 

1959 

1961 

1959 

1961 

1959 

1961 

1959 

1961 

Unincorporated  areas 

Incorporated  places,  pop- 
ulations: 

Less  than  5,000 

5,000-24,999 

Percent 
67.  6 

65.2 
63.2 
63.0 
52.9 

61.8 

I'm;  nl 
64.3 

59.8 
61.0 
51.4 
50.2 

57.4 

Percent 
61.9 

59.5 
55.0 
57.2 
44.9 

56.0 

Percent 
12.4 

9.1 
10.8 
10.3 

8.6 

10.4 

Percent 
15.6 

15.1 
14.9 
15.0 
9.6 

13.6 

Percent 
20.4 

15.4 
19.5 
15.0 
9.2 

16.4 

Percent 
0.9 

0.7 
0.9 
1.0 
0.7 

0.8 

Percent 
1.8 

2.1 
1.0 
1.6 
0.6 

1.3 

Percent 
2.3 

1.7 
1.7 
1.0 
0.8 

1.7 

Percent 
80.9 

75.0 
74.9 
74.3 
62.2 

73.0 

t'i  ret  /// 
81.7 

77.0 
76.9 
68.0 
60.4 

72.3 

Percent 
84.6 

76.6 
76.2 
73.2 
54.9 

74.1 

Percent 
19.1 

25.0 
25.1 
25.7 
37.8 

27.0 

Percent 
18.3 

23.0 
23.1 
31.9 
39.6 

27.7 

Percent 
15.4 

23.4 
23.8 
26.8 
45.1 

25.9 

100,000  and  more 

■  :•' 

U 


1  Motor-vehicle-use  data  based  upon 
reau  of  the  Census  for  Public  Roads. 
-  For  motor-vehicle-use  data,  "none' 


summary  information  from  23  State  studies.     Data  from  the  national  automobile-use  studies  based  upon  fall  1959  and  spring  1961  studies  by  the  Bu 
'  indicates  no  vehicles  of  any  kind;  for  national  auto-use  surveys,  "none"  refers  only  to  automobile  ownership. 


Table  2. — Density  of  automobile  ownership  related  to  percentage  of  dwelling  units  by 

location  ' 


Location  of  dwelling  units 


Unincorporated  areas 

Incorporated  areas,  populations: 

Less  than  5,000 

5,000-24,999 

25,000-99,999 _-. 

100,000  and  over 


Total 

dwelling 

units 


Percent 
31.9 


12.5 
14.6 
11.9 
29.1 


Density  of  automobile  ownership 


Percent 
34.9 


13.1 
15.0 
12.1 
24.9 


Percent 
37.9 


10.9 
15.2 
11.8 
24.2 


3  or  more 


Percent 
33.7 


10.6 
16.5 
14.6 
24.6 


None  ! 


Percent 
22. 6 


11.5 
13.7 

11.4 
40.8 


i  State  motor-vehicle-use  data  based  upon  summary  information  from  23  States:  studies  were  conducted  between  1951 
and  1958. 
2  No  automobiles  or  trucks. 


The  sample  used  by  Census  for  these  studies 
was  one  CPS  (Current  Population  Survey) 
rotating  panel,  or  approximately  4,000  dwell- 
ing units.  The  CPS  is  conducted  each  month 
by  the  Bureau  of  the  Census  with  a  scientifi- 
cally selected  sample  representing  the  nonin- 
stitutional  civilian  population.  The  main 
purpose   of  the  survey  is  to   obtain   current 


information  on  employment,  unemployment, 
and  related  data,  which  are  compiled  monthly. 
During  a  designated  week  in  each  month, 
interviewers  visit  the  sample  households  and 
obtain  the  needed  information. 

For  the  national  automobile-use  survey,  the 
Census  interviewers  obtained  the  needed  in- 
formation on  automobile  use  from  a  sample  of 
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Figure  2.— Distribution  of  automobile  ownership  based  on  mot  or -vehicle -use  studies  and 

national  automobile-use  surveys. 
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the  households  included  in  the  regular  CPS 
panel.  The  selected  households  were  sur 
veyed  by  mail  or  by  personal  interview  anc 
were  asked  to  keep  a  travel  log  for  3  assignee  ij 
days  on  each  automobile  owned  by  member 
of  the  household.  This  travel  log  provider!; 
space  for  recording  separately  each  trip  made  bi> 
the  major  purpose  of  the  trip,  and  the  mileages 
When  the  interviewer  picked  up  the  completec 
travel  logs,  he  also  filled  out  an  interview  forn 
for  each  household.  The  interview  form  wa) 
used  to  record  information  such  as  mode  o 
transportation  to  work,  distance  to  nearest 
public  transportation  to  work,  and  distance  t(  i1" 
nearest  public  transportation  to  main  business!  B» 
district  of  the  town.  As  the  households  sur 
veyed  for  the  automobile-use  study  hai 
previously  been  surveyed  to  obtain  othe 
economic  data,  Census  provided  information 
on  such  economic  items  as  income  and  com 
position  of  families,  which  is  not  availabl< 
from  the  standard  State  motor-vehicle-usc 
studies. 


Characteristics  of  Ownership   of 
Motor  Vehicles 

Distribution  of  automobiles 

The  relative  density  of  automobile  owner 
ship  related  to  occupied  dwelling  units  wa 
reported  in  both  the  State  motor-vehicle-us 
studies  and  the  two  national  surveys  con 
ducted  for  Public  Roads  by  the  Bureau  of  th 
Census.  Table  1  and  figure  2  show  a  com 
parison  between  the  results  of  these  surveys 
Between  the  years  of  the  earlier  motor 
vehicle-use  studies,  1951-58,  and  the  nations 
studies  conducted  in  the  fall  of  1959  and  th 
spring  of  1961,  ownership  patterns  may  hav 
changed  appreciably.  Although  the  percent 
age  of  all  occupied  dwelling  units  for  whicl 
occupants  had  one  or  more  automobiles  wa 
substantially  the  same  in  the  three  sets 
data,  ranging  from  72.3  to  74.1  percent,  th 
evidence  of  increasing  multiple  ownership  o 
automobiles  can  be  perceived.  Percentag 
distribution  of  passenger  cars  in  relation  t< 
occupied  dwelling  units  was  highest  in  tru 
unincorporated  areas  and  decreased  steadilj 
as  the  size  of  the  incorporated  places  increased 
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Dwelling  units  whose  occupants  had  only 
one  automobile  comprised  61.8  percent  of  the 
total  according  to  the  motor-vehicle-use 
studies,  but  only  57.4  and  56.0  percent,  respec- 
tively, as  reported  in  the  1959  and  1961 
national  automobile-use  surveys.  Similar  in- 
formation collected  by  the  Bureau  of  the 
Census  during  census  week  in  1960  (9)  indi- 
ated  that  in  57.0  percent  of  the  occupied 
dwelling  units,  ownership  was  reported  for 
only  one  automobile. 

The  percentage  of  the  total  occupied  dwell- 
ing units  for  which  occupants  reported  owner- 
hip  of  two  or  more  automobiles  suggests  a 
possible  growth  pattern.  The  motor-vehicle- 
use  studies  conducted  between  1951  and  1958 
showed  that  for  11.2  percent  of  the  dwelling 
units  occupants  had  two  or  more  automobiles, 
and  the  1959  and  1961  surveys  showed  occu- 
pants of  14.9  and  18.1  percent,  respectively, 
of  the  dwellings  as  owning  two  or  more. 
Information  collected  during  census  week  in 

P|1960  (.9)  indicated  that  occupants  of  21  per- 
cent of  the  dwelling  units  had  two  or  more 

ilautomobiles.  Multiple-car  ownership  was 
highest  per  dwelling  unit  for  those  located  in 
the  unincorporated  areas.  In  general,  the 
larger    the    population    of    the    incorporated 

:>  place,  the  percentage  of  dwelling  units  for 
which  ownership  of  more  than  one  automobile 
|was  reported  decreased. 

Table  2  shows  the  percentage  distribution 

s  of  automobile  ownership  per  dwelling  unit  in 
each  population-size  group.  The  data  shown 
in  this  table  substantiate  the  assumption  of 
greater  density  of  automobile  ownership  for 
persons  living  in  unincorporated  areas  and 
incorporated  places  having  populations  of  less 
than  100,000  than  for  those  in  places  where 
the  population  is  greater.  For  example,  32 
percent  of  all  dwelling  units  were  located  in 
the  unincorporated  areas  where  only  23  per- 
cent of  the  households  reported  no  automo- 
biles. But  for  the  29  percent  of  the  dwelling 
units  in  places  having  a  population  of  more 
than  100,000,  41  percent  of  the  households 
reported  no  automobiles. 

Distribution  by  occupational  groups 

Table  3  and  figure  3  show  the  distribution 
of  automobiles,  trips,  and  travel  by  the  occu- 
pational-group classification  of  the  head  of  the 
household.  This  information  is  based  on  the 
findings  of  the  national  automObile-use  studies. 
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Table  3. — Percentage  distribution  of  trips,  travel,  vehicle-miles,  and  automobiles  for  labor 
force,  classified  in  groups,  according  to  occupation  of  head  of  household 


PROFESSIONAL 
TECHNICAL   8 

NDREO 
WORKERS 


)U 


FARMERS 
AND 
FARM 
MANAGERS 


E3  TRIPS 

[~1  TRAVEL 

£"1  AUTOMOBILES 


MANAGERS, 

OFFICIALS, 

AND 

PROPRIETORS 


CRAFTSMEN, 
FOREMEN,  S 

NDRED 
WORKERS 


Occupation  of  head  of  household 

Distribution  of — 

Persons1 

in  labor 

force , 

1959 

Automobiles  2 

Trips  2 

Travel 2 

1959 

1901 

1959 

1961 

1959 

1961 

Professional,  technical,  and  kindred  workers..  .. 
Farmers  and  farm  managers. 

Percent 
10.9 
4.6 
10.6 
13.1 

39.2 

20.9 

27.6 
12.3 

60.8 

100. 0 

Percent 
11.8 
7.7 
15.  6 

21.0 

56.1 
14.5 

24.6 

4.8 

43.9 
100.0 

Percent 
16.6 

5.7 
17.3 
20.0 

59.6 

13.3 

21.1 
6.0 

40.4 

100.0 

Percent 
13.2 
7.1 
16.8 
20.7 

57.8 

14.4 

23  - 
4.0 

42.2 

inn  0 

Peru  i>i 
19.4 
5.1 
16   1 
20   I 

61.3 

13.1 

20.4 
5.2 

38.7 

100.0 

11.6 

8.1 
16.  1 
21.1 

56.9 

15.4 

24.4 
3.3 

43.1 

100.0 

Percent 
19.3 
5.8 
16.5 
19.3 

60.9 

14.4 

19.  l 

5.6 

39.1 
100.0 

Managers  (except  farm),  officials  and  proprietors.. 
Craftsmen,  foremen,  and  kindred  workers.  -..     .. 

Subtotal ...  _  _  

Operatives  and  kindred  workers,  laborers,  and 

1  Employment  and  Earnings,  Department  of  Labor,  Bureau  of  Labor  Statistics. 

-  National  automobile-use  studies  fall  of  1959  and  spring  of  1961;  trips  and  vehicle-miles  reported  by  heads  of  households 
who  were  not.  in  labor  force,  members  "I  t  he  Armed  Forces,  and  did  not  report  their  occupations  have  been  omitted. 


As  shown  in  table  3,  persons  listed  in  the  first 
four  occupational  groups — (1)  professional, 
technical,  and  kindred  workers;  (2)  farmers 
and  farm  managers;  (3)  other  managers,  offi- 
cials, and  proprietors;  and  (  t)  craftsmen,  fore- 
men, and  kindred  workers — proportionately 
performed  more  trips  and  travel  and  owned 
more  vehicles  than  other  groups  of  workers 
in  the  labor  force.  These  four  occupational 
groups  represented  39  percent  of  the  labor 
force  and  performed  from  57  to  60  percent  of 
the  total  travel.  The  other  groups  of  work- 
ers—  (1)  clerical  and  sales  workers,  (2)  oper- 
atives and  laborers,  and  (3)  household  and 
service  workers — owned  proportionally  fewer 
vehicles,  made  fewer  trips,  and  traveled  less. 
The  relatively  low  ownership  of  vehicles  by 
household  and  service  workers  probably  is 
the  result  of  their  economic  status. 

Distribution  by  family  income  groups 

Table  4  shows  the  distribution  of  automobile 
ownership  by  family  income  groups.  This 
information  was  derived  from  the  national  auto- 
mobile-use survey  conducted  in  the  spring  of 
1961.  These  figures  clearly  demonstrate  that 
as  the  income  goes  up,  the  density  of  auto- 
mobile ownership  increases.  As  the  yearly 
family  income  rises  to  more  than  $2,000,  the 
percentage  of  the  income  group  having  auto- 
mobiles   increases   sharply.     The    percentage 


of  families  in  the  income  groups  having  auto- 
mobiles rose  steadily,  reaching  98.4  percent 
for  the  group  having  an  income  of  $15,000 
and  more.  The  families  reporting  ownership 
of  two  automobiles  were  concentrated  in  the 
family  income  groups  of  $6,000  and  more  and 
the  families  having  three  or  more  automobiles 
were  concentrated  in  the  family  income  groups 
of  $10,000  and  more. 

Although  income  is  an  important  considera- 
tion in  automobile  ownership,  in  many  of  the 
larger  cities  such  factors  as  the  lack  of  parking 
facilities  and  adequate  public  transportation 
systems  also  affect  automobile  ownership. 
And  families  living  and  working  in  rural  areas, 
where  there  is  no  adequate  public  transporta- 
tion system,  must  depend  upon  the  automo- 
bile for  work,  shopping,  and  other  necessary 
purposes  even  though  the  individual  family 
income  may  be  low.  Table  5  shows  data 
useful  for  a  comparison  by  States  between  the 
percentage  of  occupied  dwelling  units  for 
which  ownership  of  vehicles,  automobiles  and/ 
or  trucks  was  reported,  and  the  per  capita 
personal  income  rank  in  1960.  Vehicle  owner- 
ship data  in  this  table  were  compiled  from 
State  motor-vehicle-use  studies. 

Reports  from  five  States  (Tennessee.   Ken 
tucky,  Arkansas,   Mississippi,  and  Louisiana) 
showed  that  occupants  of  less  than  70  percent 
of    their    dwelling    units    had    vehicles;    also, 
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SALES 
WORKERS 


OPERATIVES. 
LABORERS, 
FARM 
LABORERS 


PRIVATE 
HOUSEHOLD 
S  SERVICE 
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m    ONE   ADULT 

[ ]    TWO  AOULTS 

[?x3    THREE  OR  MORE  AOULTS 


TWO  THREE  OR  MORE 


a 


TRIPS,  TRAVEL,  ANO    VEHICLES  BY  OCCUPATIONAL    GROUPS 


AUTOMOBILES 


Figure  3.— Distribution  of  trips,  travel,  and 
occupation  of  head  of  househo 
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Figure  4.— Distribution   of  automobile  ownership   by  number  of 
adults  in  household. 
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Table  4. — Distribution  of  automobile  ownership  ' 


Total  family  income 


Automobile  ownership 


3  or  more  None 


DISTRIBUTION   OF  OWNERSHIP   BY  FAMILIES 


Under  $1,000. 
.Sl, oiio  $1,999  . 
$2.(100  $2,999.. 


$3,000  $3,999 

$4,000  $4,999 

55,999 


Jitcomi  groups 


$6,000-$7,499 

$7,500-$9,999  

$10,000  $14. 0!W... 

$15,000  and  more. 


[ncome  not  reported 
totai 


/ 
8.3 

S.  7 
8.4 


8.6 
10.3 

13.8 
9.3 
9.3 
2.6 

11.9 

100.0 


4.2 

5.2 
8.1 

9.3 
10.  1 
14,1 

17.0 

10.5 

8.9 

1.7 

10.9 

loo  0 


/',  ret  ni 
1.3 
1.5 
3.2 

4.9 

7.3 

17.9 
15.9 
22,  0 

7.7 

13.  1 

loo.o 


l\  rcent 

1.2 


4.1 
5.4 
6.  7 

11.6 
13.6 
25.  1 
21.3 

11.0 

100.0 


Percent 
21.9 
21.5 
13.0 

10.4 

7.7 
4.1 

4.5 
2.3 
1.3 
0.2 

13.1 

100.0 


DISTRIBUTION   OF  OWNERSHIP  WITHIN  INCOME   C1ROUP 


Under  $1,000. 
$1,000  $1,999 
$2,000  $2,999. 

$3,000-$3,999. 
$4,000-$4,999- 

$5,0011- $5,999.. 


SO.oiin  $7.499 

$7, 500- $0,099 

$10,000-$14,999 
$15,000  and  more. 


Income  nol  reported 

TOTAL. 


100.0 
100.0 
100.0 

100.0 
100.0 
100.0 

100.0 
100.0 

loo.o 
100.0 

100.0 

100.0 


28.4 
33.3 

54.0 

59.4 
65.9 
76.9 

68.9 
63. 1 
53.2 
36.3 

51.6 


6.1 


9.9 

11,6 

21.3 
28.1 
38.7 
48.5 

18.2 


0.2 


0.8 
1.0 
1.1 

1.4 
2.4 
4,5 
13.6 

1.5 


68.7 
63.9 
39.9 

30.6 
23.2 
10.4 

8.4 
6.4 


25.  9 


i  Xaliooal  automobile-use  study,  spring  1961. 

average  per  capita  personal  income  in  these 
States  ranked  relatively  low.  This  would 
seem  to  infer  that  income  influenced  vehicle 
ownership.  However,  the  three  States  of 
North  Dakota,  South  Dakota,  and  Idaho 
reported  relatively  low  per  capita  personal  in- 
come but  a  high  proportion  of  vehicle  owner- 
ship in  relation  to  number  of  dwelling  units. 
Thus,  per  capita  personal  income  may  not  be 
the  only  factor  influencing  car  ownership. 
However,  the  results  shown  in  table  5  may 
have  been  affected  by  the  fact  that  the  State 
motor-vehicle-use  studies  were  conducted  be- 
tween 1951  and  1958  but  the  per  capita  per- 
sonal income  rank  shown  was  for  1960. 
Between  1951  and  1960  the  per  capita  personal 


income  rank  for  a  particular  State  may  have 
changed  appreciably,  particularly  in  the  agri- 
cultural States. 

Distribution  by  number  of  adults  in  house- 
holds 

The  number  of  persons  old  enough  to  oper- 
ate motor  vehicles  (persons  16  years  of  age  or 
older)  in  a  household  tends  to  help  set  the 
pattern  for  the  number  of  automobiles  owned 
in  a  household.  Table  6  and  figure  4  show 
for  each  automobile  ownership  class  the 
number  of  these  potential  operators  in  a 
household.  A  high  proportion,  54  percent,  of 
the  households  for  which  ownership  of  two 
automobiles  was  reported  were  the  two-adult 


Table  5. — Percentage  of  dwelling  units  whose 
occupants  owned  vehicles,  per  capita  per- 
sonal income  rank,  and  year  of  motor- 
vehicle-use  study 


State 

Percent  of 

dwelling 

units 

whose 

occupants 

owned 
vehicles  ' 

Per 

capita  2 
personal 
income 
rank  I960 

Year 

North  Dakota 
Wyoming. 

Idaho 

South  Dakota.  .  . 
Oregon    _  . 

96.0 
89.9 
89.1 

ss  s 
85.  7 

84.2 
81.7 
81.3 
81.1 
81.0 

80.3 
79.3 
77.2 
76.9 
75.8 

73.8 
72.9 
71.3 
70.1 
69.0 

67.9 
62.8 
55.7 
55.1 

39 
18 
40 
34 

17 

27 
15 
41 
23 
28 

29 
14 
22 
6 
38 

20 
9 

11) 
1 

46 

47 
50 
51 
43 

1951 
1952-53 
1957-58 
1952-53 
1953-54 

1957 

1955-56 

1954 

lord 

1952-53 

1951-52 

1952-53 
1952 
1953 
1951 

1951-52 

1957-58 

1952-53 

1953 

1954 

1953-54 
1951 

1952-53 
1951 

Kansas 

Colorado.. 

New  Mexico 

Wisconsin  ... 

Montana 

Iowa..  

Washington 

Hawaii  ..        . 

California.   .     

Oklahoma 

Missouri . 

Illinois 

Pennsylvania 

Delaware . 

Tennessee  _     . 

Kentucky  _        

Arkansas.  ..  .. 

Mississippi..     

Louisiana 

1  Motor-vehicle-use  studies  include  automobiles  and/or 
trucks. 

2  Data  from  National  Industrial  Conference  Board.  In- 
come ranged  from  a  low  of  about  $1,200  in  Mississippi  to  a 
high  of  almost  $3,100  per  capita  in  Delaware.  U.S.  average 
was  $2,242. 


Table  6. — Distribution  of  automobile  owner- 
ship by  number  of  adults  in  the  house- 
hold1 


Number  of  auto- 
mobiles owned 

Distrl- 
iini  i hi 

of 
sample 

of 
house- 
holds 

Number  of  adults  in 
household  2 

1 

2 

3  or 
more 

Un- 
known 

None 

1 

Per- 
cent 
25.9 
56.0 
16.4 
1.7 

103.0 

Per- 
cent 
43.5 
10.8 
1.1 

17.5 

Per- 
cent 
42.6 
68.2 
53.6 
12.1 

58.3 

Per- 
cent 
13.9 
20.9 
45.3 
87.9 

24.2 

Per- 
cent 

0.1 

0 

Nationwide  automobile-use  survey,  spring  1961. 
2  16  years  of  age  or  older. 


r~l  FEMALE 
F~i   MALE 


n 


AGE    IN    YEARS 


AGE    IN    YEARS 


Figure  5. — Distribution  of  licensed  motor-vehicle  operators  by  age 
group  and  sex. 
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Figure  6. — Proportion  of  population  in  each  age  and  sex  group 
licensed  as  motor-vehicle  operators. 
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fable  7.— Age  distribution  of  licensed  motor-vehicle  operators  and   the  proportion  of   the 
total  population  of  operators  in  each  age  group  ' 


Age 

Distribution  oflicensed  operators 

Proportion  of  total  population 
licensed  a   operators 

Male 

Female 

Total 

Male 

Female 

Total 

Years 
14-13 

Percent 

0.3 

7.5 

17.3 

24.4 
21.1 
15.5 

9.3 
3.3 

1.3 

inn.  0 

Percent 

0.3 

7   0 

21.3 

29.  3 
21.3 
12. 2 

5.  2 
1.1 

2.3 

100.0 

Percent 
0.  3 
7.3 
18  7 

26. 1 
21.2 
14.3 

7  9 

2.5 

1.7 
100.0 

I't  rcent 
1 5.  1 

III,    s 

v.i  2 

ill .  2 
87.  6 
81    i 

67.  5 
39.  4 

73.1 

79.1 

Percent 

X.  1 

34.  3 

52  5 

55,  6 

4S.  4 
34.8 

20.  0 

7.1 

48.4 
41.1 

Percent 

11.7 
50    1 
69  6 

72.  5 
67  8 

57.  9 

43.  1 

58.  4 

59.  4 

16-20 

21-29 

30-39 

40-49 

50-59 

60-69 

70  and  over _ 

Not  reported 

i  Motor-yehicle-use  studies  conducted  in  22  States:  Arkansas,  California,  Colorado,  Idaho,  Illinois,  Iowa  Kansas  Ken- 
tucky, Louisiana,  Mississippi,  Missouri,  Montana,  New  Mexico.  North  Dakota,  Oklahoma,  Oregon,  Pennsylvania  South 
Dakota,  Tennessee,  Washington,  Wisconsin,  and  Wyoming. 


household.  For  households  where  ownership 
of  three  or  more  automobiles  was  reported, 
the  modal  household  had  three  or  more  adults. 

Motor-Vehicle  Operators 

Information  about  motor-vehicle  operators 
is  important  to  Federal,  State,  and  local 
officials  in  the  highway  taxation  and  planning 
fields.  Forecasts  must  be  made  of  the  number 
of  drivers  who  may  be  operating  vehicles  on 
the  Nation's  highways  in  5,  10,  or  even  25 
years.  The  proportion  of  drivers  to  the  total 
population  in  the  driving-age  groups  is 
expected  to  increase  appreciably  in  the  next 
few  years.  This  increase  probably  will  be 
accompanied  by  a  proportional  increase  in  the 
number  of  automobiles  being  driven  for  the 
different  purposes. 

In  1961  (6)  it  was  estimated  that  almost 
89  million  persons  were  licensed  to  operate 
motor  vehicles.  This  represented  an  average 
of  1.2  operators'  permits  for  each  registered 
motor  vehicle ;  the  range  for  licensed  operators 
among  the  different  States  was  from  105,000 
in  Alaska  and  175,000  in  Nevada  to  7  million 
in  New  York  and  9  million  in  California.     The 


ratio  of  the  number  of  licenses  issued  to  the 
number  of  vehicles  registered  ranged  from  less 
than  one  operator  per  vehicle  in  Montana  and 
Nevada  (more  vehicles  registered  than  licenses 
in  force)  to  1.3  operators  per  vehicle  in 
Massachusetts.  By  1966,  131  million  persons 
are  expected  to  be  eligible  to  drive,  according 
to  age  requirements  (5,  p.  264).  Even  if  the 
proportion  of  drivers  to  the  total  population 
remains  constant,  although  it  is  expected  to 
increase,  there  will  be  about  91  million  licensed 
motor-vehicle  operators  in  1966. 

Table  7,  which  is  based  on  the  State  motor- 
vehicle-use  studies,  shows  the  distribution  of 
licensed  motor-vehicle  operators  separately  for 
males,  females,  and  all  persons,  and  the  propor- 
tion of  the  total  population  in  each  age  group 
licensed  as  motor- vehicle  operators.  These 
data  are  shown  also  in  figures  5  and  6. 

The  highest  proportion  of  licensed  opera- 
tors were  in  the  30-39  age  group;  24  per- 
cent of  all  male  drivers  and  29  percent  of 
all  female  drivers  were  in  this  age  group. 
The  age  groups  from  21-29  and  40-49  years 
also  had  a  high  proportion  of  licensed  drivers. 
A    high    proportion    of    persons    in    the    age 


Table  8. — Percentage  of  workers  in  each  occupational  group  required  to  travel  '  to  get  to 
work,  classified  by  residence  of  operator  2 


Occupational  group  of  operator 


Professional  and  semiprofessional 

Proprietors,  managers,  and  officials,  includ- 
ing farmers  and  farm  managers 

Store  and  office  clerks,  salesmen  (excluding 

traveling  salesmen) 

Traveling  salesmen,  agents 

Craftsmen,  foremen,  skilled  laborers 

Operatives,  semiskilled  workers,  unskilled 

workers,  laborers -. 

Protective  services  workers 

Personal  service  workers 

Miscellaneous  3 

TOTAL 


Residence  of  principal  operator 


All  places 


Percent 
87.9 

46.4 

95.9 
85.1 
94.4 


89.1 
61.4 
87.3 
63.9 

80.4 


Unincor- 
porated 
areas 


Percent 
88.0 

20.1 

94.4 
79.0 
93. 1 


77.7 
46.0 
80.8 
61.8 

59.4 


Incorporated  places  having  populations  of- 


Less  than 
5,000 


Percent 
82.4 


92.1 
77.0 
91.0 


91.8 
76.6 
85.7 
62.4 

86.9 


.",. 

24,999 


Percent 
90.8 


94.6 
82.8 
94.7 


94.  7 
54.7 
87.1 
52. 1 

89.9 


25.000- 

99,999 


Percent 
92.4 


97.  4 
ss.  I, 
96.5 


96.  3 
88.1 
86.7 
79.5 

93.7 


100,000 
and  more 


/',  rr<  nl 
86.5 

85.3 

97.6 
89.7 
96.0 


97.7 
71.8 
90.6 
67.3 

92.9 


Total 


Percent 
87.8 


96.  3 

86.3 
95.0 


95.7 
69.  7 
88.7 
64.0 

91.4 


i  Tncliicles  Wiilkin*'. 

2  Motor- vehicle-use  studies  conducted  in 21  States:  Arkansas,  California,  Delaware,  Idaho,  Illinois.  Iowa,  Kansas,  Kentucky, 
Louisiana,  Mississippi,  Missouri,  Montana,  New  Mexico,  North  Dakota,  Oklahoma,  Oregon,  Pennsylvania,  South  Dakota, 
Tennessee,  Washington,  and  Wyoming. 

3  Includes  workers  not  reporting  occupation. 


groups  from  21  through  49  are  expected  to 
retain  their  licenses  to  operate  a  vehicl 
they  become  older.  If  States  enact  legislation 
that  would  require  a  periodic  reexamination 
I'M  drivers,  some  potential  drivers  may  be 
lost,  particularly  in  the  higher  age  groups. 
Table  7  also  shows  the  proportion  of  the 
total  population  in  each  age  group  that  is 
licensed  to  operate  a  motor  vehicle.  Again  the 
highest  proportion,  72  percent,  of  licensed 
operators  is  in  the  30-39  age  group;  91  per- 
cent of  all  males  and  56  percent  of  all  females 
in  this  age  group  are  licensed  operators.  An 
interesting  statistic  is  the  relative  stability 
of  the  percentage  of  total  males  licensed  to 
drive  in  the  four  age  groups  from  21  to  59 
years  of  age;  82  to  91  percent  of  the  males  in 
these  age  groups  are  licensed  operators.  For 
females  the  stability  carries  only  from  ages 
21  through  49,  where  from  48  to  56  percent  of 
the  females  are  licensed  drivers.  Only  20 
percent  of  the  females  in  the  60-69  age  group 
and  7  percent  of  the  females  over  70  years  of 
age  are  licensed  operators.  Many  of  the  fe- 
males in  the  older  age  groups  probably  never 
did  learn  to  drive. 

Travel  To  and  From  W ork 

Most  workers  today  have  the  problem  of 
commuting  to  work.  Joining  the  rush-hour 
traffic  to  get  to  and  from  work  is  now  an 
accepted  part  of  the  routine  of  urban  living. 
As  the  population  and  the  number  of  workers 
grow  and  more  and  more  families  settle  in 
the  suburban  areas,  the  distance  necessary 
to  be  traveled  to  work  tends  to  be  increased. 

Based  upon  summary  data  developed  from 
21  State  motor-vehicle-use  studies,  80  per- 
cent of  all  gainfully  employed  workers  use 
some  form  of  travel  to  get  to  work.  Inde- 
pendent, data  collected  by  the  Bureau  of  the 
Census  in  1960  showed  that  93  percent  of  all 
workers  required  transportation  to  work. 
Some  of  the  differences  in  these  two  sets  of 
data  are  traceable  to  differences  in  definition 
of  ''work  at  home."  In  the  motor-vehicle- 
use  studies,  a  person  is  considered  as  being 
gainfully  employed  at  home  if  he  regularly 
conducts  his  business  from  his  place  of  resi- 
dence; this  includes  a  doctor,  plumber,  or 
traveling  salesman.  In  the  survey  con- 
ducted at  10-year  intervals  by  the  Bureau  of 
the  Census,  a  doctor  or  salesman  who  uses 
an  automobile  in  connection  with  work,  even 
though  operating  his  business  from  his  place 
of  residence,  would  be  reported  as  using  an 
automobile  for  transportation  to  work.  Other 
differences  in  the  results  of  these  two  studies 
may  be  the  result  of  the  difference  in  time  of 
survey.  The  21  State  motor -vehicle-use  stud- 
ies were  conducted  in  different  years,  between 
1951  and  1958.  The  Census  study  was  na- 
tional in  scope  and  was  conducted  for  a  week 
in  April  1960. 

Table  8  and  figure  7  show  by  occupational 
and  population  groupings  the  percentage  of 
workers  requiring  transportation  to  get  to 
work.  For  residents  of  all  places  1  be  range 
was  from  46  percent  for  proprietors,  manag- 
ers, and  officials  (including  farmers  and  farm 
managers)  to  96  percent  for  store  and  office 
clerks.      Fifty-nine  percent   of  all  workers  in 
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Table  9.— Distribution  of  workers  traveling  from  home  to  work  classified  by  mode  of  travel 
v  ithin  each  occupational  group — residents  of  all  places,  all  unincorporated  areas,  and 
all  incorporated  places  ' 


nee  local  ton  and  occupational  group 


All  places 

Professional  and  semiprofessional 

Prop]  ietoi  .  d agi  i  .  officials  -' 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents  

Craftsmen,  foremen,  skilled  laborers 

Operatives,  workers,  and  laborers... 

Protective  services  workers.. 

Personal  service  workers 

Miscellaneous3 

ALL  OCCUPATIONS 

Unineoi  porati  d  ares 

Pi  ifessional and  semiprofessional 

Proprietoi  .  i igers,  officials 2 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents.. 

Craftsmen,  foremen,  skilled  laborers. 

Operatives,  workers,  and  laborers. .. 

Protective  services  workers 

Personal  service  workers 

M  iscellaneous 3 

ALL  OCCUPATIONS 

All  incorporated  places: 

Professional  and  semi  professional 

Proprietors,  managers,  officials2 

Store  and  office  clerks,  sidesmen 

Traveling  salesmen ,  agents 

Craftsmen,  foremen,  skilled  laborei 

Operatives,  workers,  and  laborers... 

Protective  services  workers 

Personal  service  workers 

Miscellaneous3 

ALL  OCCUPATIONS 


Automobile 


Driver     Passenger     Total 


Percent 
58.  8 

71  (I 
40.4 
71.3 

65.7 

49.2 
63.3 
25.  2 
33.3 
53.7 


67.6 
72.0 

54.  2 
80.8 
74.1 

60.0 
68.4 

44.1 
38.5 
64.2 


56,  6 

70.1, 
37.4 
69.6 
62.3 

44.1 
61.6 
21.5 
31.3 

50.1 


Perct  in 
12.6 
6  2 

18.1 
4.6 
13.5 

19.2 
11.7 

14  8 
12.0 
14.8 


15.5 
6.0 

25.1 
7.4 

15.7 

23.4 
11.6 
26.3 
12.3 
18.6 


11.8 
6.4 

16.6 
4.1 

12.7 

17.3 
11.8 
12.6 
11.9 
13.5 


Percent 
71.4 
77.  2 
58'i 
75.9 
79.2 

68.4 

75.0 
40.0 
45.3 
68.5 


83.1 
78.0 
79.3 

88.2 


83.4 
80.0 
70.4 
50.8 
82.8 


68.4 
77.0 
54.0 
73.7 
75.0 

61.4 
73.4 
34.1 
43.2 
63.6 


Public 

transpor- 
tation 


Percent 

13.0 
5.8 
24.9 
12.8 
10.  1 

14.2 
10.1 
31.3 
12.1 

15.1 


6.8 
2.0 

11.(1 
4.4 
3.0 

3.7 
4.4 
10.2 
10.2 
4.9 


27.9 
14.3 
13.0 

19.1 
12.0 
35.3 
12.9 
18.6 


Automo- 
bile and 
public 
transpor- 
tation 


1'irii  nl 
2.4 
1.5 
2.4 
3.7 
1.3 

1.0 
1.5 
2.0 
2.1 
1.7 


1.6 
1.2 
2.5 
3.5 
1.3 

0.  9 
0.8 

1.4 
6.  0 
1.4 


2.5 
1.6 
2.4 
3.8 
1.3 

1.0 
1.7 
2.  2 
0.  5 
1.8 


Walk 


/Yrr<  /// 
10.6 
11.9 
12.4 
4.8 
7.0 

13.6 
6.4 

24.3 
9.5 

11.8 


5.0 
13.7 
5.2 
2.5 
3.4 

8.4 
6.9 
14.2 
4.9 
7.3 


12.1 
11.3 
14.0 

5.2 
8.4 

16.0 

6.2 
26.  2 
11.3 
13.4 


All  Other 

means 
and  not 

repol  ted 


I'irri  nl 
2.6 
3.6 
1.8 
2.8 
2.4 

2.8 
7.0 
2.4 
31.0 
2.9 


3.5 

5.1 
2.0 
1.4 
2.5 

3.6 
7.9 
3.8 
28.1 
3.6 


1.7 
3.0 

2.3 


2.5 
6.7 


32.1 
2.6 


i  21  State  motor-vehicle-use  studies:  Arkansas,  California,  Delaware,  Idaho,  Illinois,  Iowa,  Kansas,  Kentucky,  Louisiana, 
Mississippi,  Missouri,  Montana,  New  Mexico,  North  Dakota,  Oklahoma,  Oregon,  Pennsylvania,  South  Dakota,  Tennessee, 
Washington,  and  Wyoming. 

-  Includes  farmers  and  farm  managers  who  traveled  to  work. 

3  Includes  workers  not  reporting  occupation. 


1       1       1       1       1       1       1 

/ 

ALL    OCCUPATIONS 

i                    1                     1                     1                     1                     i 

PROFESSIONAL    8     SEMIPROFESSIONAL 

1                     1                    1                     1 

PROPRIETORS,  MANAGERS  8  OFFICIALS 

1                     1                    1                     1 

STORE   9  OFFICE   CLERKS,  SALESMEN 

TRAVELING    SALESMEN,    AGENTS 

CRAFTSMEN,  FOREMEN,  SKILLED  LABORERS 

1                     1                    1                     1                     I                    1                     1                     1 

OPERATIVES,  SEMISKILLED  a  UNSKILLED  LABORERS  8  WORKERS 

1                     1                    1                     1                     1                    1 

PROTECTIVE    SERVICES 

1                     1                    1                    1                    1         -           1 

PERSONAL    SERVICE   WORKERS 

1                     1                    1                     1                     1                    1 

MISCELLANEOUS 

I           I           !           1           1           1 

40  50 

PERCENT 


Figure  7. — Percentage  of  workers  in  each  occupational  group  that 
requires  travel  to  reach  place  of  employment. 


the  unincorporated  areas  traveled  to  work 
as  compared  with  91  percent  in  the  incorporated 
places. 

Modes  of  travel  to  and  from  work 

According  to  the  motor-vehicle-use  studios, 
G8  percenl  of  all  workers  travel  to  and  from 
work  by  automobile,  either  as  the  driver  or 
as  a  passenger,     An  additional  15  percent  use 
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public  transportation.  Table  9  indicates  the 
extent  of  use  of  different  modes  of  transpor- 
tation by  each  occupational  group  for  resi- 
dents of  all  places.  In  addition,  table  9  shows 
comparable  data  separately  for  residents  of 
unincorporated  areas  and  incorporated  places. 
For  residents  of  all  places,  workers  using  auto- 
mobiles for  home-to-work  travel  ranged  from 
40  percent  for  personal  service  workers  to  79 


f 
percent   for   craftsmen,   foremen,    and  skilled 

laborers.     Almost  one-third  of  all  the  persona] 

service  workers  used  public  transportation  to 

get  to  work. 

A  relatively  high  proportion  of  store  and 
office  clerks,  25  percent,  also  used  public  trans- 
portation to  get  to  and  from  work.  How- 
ever, less  than  6  percent  of  the  occupational 
group,  including  proprietors,  managers,  and 
officials,  went  to  work  by  public  transporta- 
tion. About  12  percent  of  all  workers  walked 
to  work.  The  number  of  walkers  among  the 
principal  occupational  groups  ranged  from  6 
percent  for  workers  in  the  protective  services 
to  24  percent  for  the  personal  service  workers 

Workers  using  a  combination  of  methods 
to  get  to  work,  that  is  automobile  and  public 
transportation  or  some  other  combination, 
accounted  for  a  relatively  small  percent  of 
the  total  modes  of  travel. 

Relation    of   Distance    to    Work   and 
Mode  of  Travel 

The  mode  of  travel  to  work  is  influenced  by 
such  factors  as  distance,  type  and  convenience 
of  public  transportation,  and  occupation 
Usually  the  workers  who  live  in  the  rural 
areas  have  less  public  transportation  avail 
able.  Table  10  shows  the  mode  of  travel 
used  by  workers  grouped  according  to  dis- 
tance. 

Walking  was  the  most  popular  method  of 
getting  to  work  where  the  individuals  lived 
less  than  1  mile  from  work;  more  than  half  of 
all  workers  in  that  mileage  group  walked  to 
work  and  43  percent  went  by  private  auto- 
mobile. Where  the  distance  to  work  was 
more  than  2  miles,  few  walked.  Workers 
using  a  combination  of  passenger  cars  and 
public  transportation  to  get  to  work  are  in- 
cluded mainly  in  the  13-miles-and-more  dis 
tance  groups.  The  highest  percentage,  6.6 
percent,  of  workers  using  a  combination 
method  of  transportation  lived  25  miles  or 
more  from  their  work. 

Public  transportation  was  the  most  popular 
method  of  travel  for  those  living  2  to  9  miles 
from  work;  20  to  25  percent  of  the  workers  in 
this  distance  group  used  public  transport  a 
tion.  As  people  live  farther  from  work,  par 
ticularly  when  the  distance  is  more  than  15 
miles,  public  transportation  is  used  less 
possibly  because  of  inconvenient  scheduling 
of  public  transportation. 

A  high  proportion  of  automobile  drivers  or 
riders  is  shown  in  all  mileage  groupings 
Except  for  those  workers  living  less  than  ] 
mile  from  work,  more  than  70  percent  of  the 
workers  went  to  work  by  private  automobile. 
Also,  more  than  80  percent  of  the  workers 
living  more  than  11  miles  from  work  either 
rode  or  drove  in  automobiles.  Only  7.8  per 
cent  of  persons  living  less  than  1  mile  from 
work  were  passengers  in  private  automobiles 
Where  the  distance  was  from  1  to  14  miles, 
from  15  to  17  percent  of  persons  were  re 
ported  as  being  automobile  passengers.  More 
than  20  percent  of  the  persons  living  14  miles 
and  more  from  work  were  passengers  in  pri 
vate  automobiles.  This  may  reflect  the 
influence  of  car  pooling  from  the  more  distant 
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points    and    the    lack    and/or    inadequacy    of 
public  transportation. 

Use  Characteristics  for  Automobiles 

Travel  to  and  from  work  accounts  for  more 
than  one-third  of  all  automobile  trips  and  more 
than  one-fourth  of  all  passenger-car  travel, 
according  to  the  motor-vehicle-use  studies. 
Planners  of  urban  highway  facilities  know  only 
too  well  that  such  travel  is  responsible  for  the 
morning  and  evening  rush-hour  traffic  peaks 
and  accompanying  congestion  that  provide 
their  most  knotty  problems.  However,  the 
other  two-thirds  of  the  automobile  trips  and 
three-fourths  of  travel  require  attention  too, 
especially  in  connection  with  the  planning  of 
interstate  and  intercity  facilities,  and  rural 
feeder  and  access  roads. 

Purpose  of  travel 

As  table  11  and  figure  8  data  indicate,  more 
than  46  percent  of  all  automobile  trips  and 
almost  44  percent  of  all  travel  is  related  to 
earning  a  living.  The  proportion  of  total  trips 
and  travel  made  that  is  related  to  earning  a 
living  by  residents  of  incorporated  places  is 
somewhat  higher  than  the  proportions  for  per- 
sons residing  in  unincorporated  areas.  For 
residents  of  all  places,  passenger  cars  are  used 
for  commuting  to  and  from  work  on  one-third 
of  all  one-way  trips  and  more  than  one-fourth 
of  all  travel.  Persons  living  in  the  unincorpo- 
rated areas  perform  proportionally  fewer  work 
trips  than  persons  living  in  cities  having  a 
population  of  100,000  and  more.  Persons 
living  in  all  other  incorporated  places  travel 
about  the  same  proportion  of  their  total  miles 
for  work  trips  as  do  residents  of  unincorpo- 
rated areas. 

Trips  made  for  purposes  of  family  business 
accounted  for  nearly  29  percent  of  all  trips 
and  19  percent  of  all  travel.  Persons  living 
in  the  unincorporated  areas  accounted  for  a 
higher  proportion  of  their  trips  and  travel  for 
such  purposes  than  residents  of  incorporated 
places.  Residents  of  incorporated  places  are 
usually  nearer  to  shopping  and  medical  service 


Table  10.— Distribution   of  workers    classified   by    mode    of   travel    to    work,  according   to 

distance  to  work ' 


Distance-  to  place  of 
employment 


Miles 

0.1-0.9 

1.0-1.9 

2.0-2.9 

3.0-3.9 

4.0^1.9 

5.0-5.9 

'i  n  i.  Ii 

7.0-7.9 

8.0-8.9 

9.0-9.9 

10.0-10.9 

11.0-11.9 

12.0-12.9 

13.0-13.9 .... 

14.0-14.9 

15.0-19.9 

20.0-24.9 _. 

25.  ii  and  more 

Not  reported 

ALL  DISTANCES 


Automobile 


Driver 


Percent 
35.  0 
55.4 
55.  8 
57.0 
57.0 

59.7 
60.2 
62.0 
59.9 
65.3 

61.9 
65.8 
65.9 
67.  3 
60.6 

6.5.3 
64. :; 
61  8 
36.4 


Passenger 


Percent 
7.8 
16.  7 
16.3 
14.5 
1 5.  8 

15.4 
15.4 
15.8 
15.6 
17.9 

10.0 
17.1 
17  2 
17.2 
20.3 

20.4 
21.  1 


14.8 


Total 


Pent  hi 

42.  8 
72  1 
72.  1 

71.5 
72.8 

7:.   I 

77.8 
75.  5 
83.2 

78.8 
82.  Ii 
83.1 
84.5 
80.9 

85.7 
85.  1 
84.0 

45.  5 

68.5 


Public 
trans- 
portation 


! 
3.1 
14.9 

24.0 

21.9 
21.6 

IS.  6 
21.  1 
13.1 

17.  1 
13.9 

14.0 
10.  1 
13.4 

9.  1 
7.(1 

7.;, 

7.4 


Automo- 
bile and 
public 
trans- 
portation 


I'i  m  ill 
0.4 
0.9 
1.2 
1.0 
1.2 

1.3 
1.7 
1.9 
2.4 
2.1 

2.  i; 

-'.2 
2.0 
4.2 
4.2 

3.4 
5.9 
o.  6 
1.0 


Walk 


Percent 
52.4 

11.1 
1.9 
0.5 

0.  2 

0.2 


17.0 
11.8 


All  other 

means  ami 
not 


1.3 
1.0 
1.4 
1.2 

1.2 

1.5 
1.  1 
1.7 
1.0 
1.6 

1.:, 
1.0 
0.9 
1.2 

I   5 

1.8 
1.7 
1.9 

:i 

2.9 


i  Motor-vebicle-use  studies  conducted  in  21  States:  Arkansas,  California,  Delaware,  Idaho,  Illinois,  Iowa    K  in    i 
Kentucky,  Lousiana,  Mississippi,  Missouri,  Montana,  New  Mexico,  North  Dakota,  Oklahoma,  Oregor     Pennsylvania' 
South  Dakota,  Tennessee,  Washington,  and  Wyoming. 


EARNING  A  LIVING 


L.J 


_i_i 


FAMILY    BUSINESS 


r-*Tl 


SHOPPING       OTHER 


EDUCATION- 
AL,CMC,  8 
RELIGIOUS 


SOCIAL  AND  RECREATIONAL 


8  0  MILES  AVERAGE  LENGTH  ALL  TRIPS 

CD   TRIPS 

f~1  VEHICLE    MILES 


TRIP    PURPOSE 


Figure  8. — Automobile  trips  and  travel  classified  by  major  purpose 

of  trip. 


Table  11. — Distribution  of  automobile  trip 

«  and  travel  by 

purpose  and  population  groups1 

Purpose  of  trip  - 

Residence  of  principal  operator 

All  population 
groups 

Unincorporated 
areas 

Incorporated  places  and  populations 

Under  5,000 

5,000-24,999 

25,000-99,999 

100,000  and  more 

Total  incorporated 

Trips 

Travel 

Trips 

Travel 

Trips 

Travel 

Trips 

Travel 

Trips 

Travel 

Trips 

Travel 

Trips 

Travel 

Earning  a  living: 
To  and  from  work 

Related  business...  . 

/'<  m  ill 
33.3 
13.2 
46.5 

1.6 

15.4 
11.6 

28.  6 

7.2 

0.1 

7.1 
10.5 
17.7 

100.0 

Percent 
26.8 
10.  s 
43.6 

1.9 
7.2 
9.9 
19.0 

3.7 

4.9 
12.7 
16.1 
33.7 

100.0 

Percent 
27.6 
15.2 
42.8 

1.8 
17.4 
11.8 
31.0 

8.1 

0.1 

6.9 
11.1 
18.1 

100.  0 

Percent 
25.1 
16.2 
41.3 

2.7 
10.4 
10.2 
23.3 

4.9 

3.3 

11.6 
15.6 
30.5 

100.0 

Percent 
33.4 
14.3 
47.7 

1.6 
14.6 
10.9 
27.1 

6.5 

0.1 
9.1 

9.5 
18.7 

100.0 

I'i  ret  ill 
24.2 
19.3 
43.5 

2.5 
6.7 
8.8 
18.0 

3.1 

4.2 
15.5 
15.7 
35.4 

100.  0 

Percent 
34.1 
11.6 
45.7 

1.4 
15.7 
11.5 
28.6 

7.0 

0.2 

7.7 
10.8 
18.7 

100.0 

/  ',  TC.t  III 

25.1 
18.7 
43.8 

1.3 
5.4 
10.2 
16.9 

2.7 

5.0 
13.4 

IS,  2 
36.6 

100.0 

I'i  in  ill 
35.2 
11.2 
46.4 

1.3 

15.1 
12.7 
29.1 

7.5 

0.2 
7.7 
9.1 
17.0 

100.0 

Percent 
24.3 

18.3 

42.  0 

1.1 
5.5 
9.8 
16.4 

3.0 

8.5 
15.9 
13.  0 
38.0 

100.0 

Percent 
39.0 
12.4 
51.4 

1.6 
13.3 

11.0 

25.  0 

6.3 

0.1 

5.8 
10.5 
16.  4 

100.0 

Percent 
33.4 
14.5 
47.9 

1.1 
4.7 
9.7 
15.5 

3.0 

6.0 
10.8 
16.8 

33.  0 

100.0 

Percent 
35.9 
12.3 

48.2 

1.5 
14.5 
11.5 
27.5 

6.8 

0.1 
7.3 

10.  1 
17.5 

100. 0 

Percent 
27.8 
17,2 
45.0 

1.5 
5.4 
o  6 
16.5 

2.9 

5.9 
13.4 
16.3 
35.6 

100.0 

Subtotal 

Family  business: 
Medical  and  dental    _     _ 

Shopping .  . 

Other 

Subtotal.  .        ..          

Educational,  civic,  and  religious. 

Social  and  recreational: 
Vacations 

Pleasure  rides 

Other _. 

Subtotal      .        ..      

ALL  PURPOSES 

i  Motor-vehicle-use  studies  conducted  in  22  States:     Arkansas,  California,  Colorado,  Idaho,  Illinois,  Iowa,  Kansas,  Kentucky,  Louisiana,  Mississippi,  Missouri,  Montana,  \v»  Mi     bo 
North  Dakota,  Oklahoma,  Oregon,  Pennsylvania,  South  Dakota,  Tennessee,  Washington,  Wisconsin,  and  Wyoming. 
2  A  trip  is  denned  as  a  one-way  movement  from  a  starting  place  to  the  first  stop  for  one  of  the  purposes  shown. 
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Table   12. —  iverage  lenptb  of  one-way  trips  by  major  purpose  of  trip  in  selected   States 


All 

pur- 
poses 

Earning  a 

il\  III'.: 

Family  business 

Edu- 
ca- 
tional, 
civic, 
and 
reli- 
gious 

Social  and  reere 

itional 

To 
and 

from 
work 

Re- 
lated 
busi- 
ness 

Medi- 
cal 
and 

dental 

Shop- 
ping 

Other 

Vaca- 

1  inns 

Pleas- 
ure 
rides 

Other 

Miles 

8.7 
7.9 
7.9 
8.3 
7.(1 

S.2 
6.2 
10.  2 
9.3 

8.6 

8.2 
9.3 
8.2 
12.9 
8.3 
8.7 

9.0 
10.2 

8.1 
8.9 
7.9 
14.7 

8.0 

.\  I  He  s 
4.9 
7.4 
5.7 
4.9 
6.  5 

3.6 
4.6 
6.4 
7  6 
6.  1 

5.  9 
3.8 
4.4 
5.3 

6.  1 
6.9 

6.  9 

3.4 

7.  1 
6.7 
5.3 
6.4 

6.4 

Miles 
13.3 
8.5 
7.(1 
9.  6 
9.5 

11.8 
6.  2 

15.5 
11.9 
14.0 

9.  5 
17.2 
12.6 
16.1 

9  8 
10.0 

14.2 
13. 8 

8.  6 
14.8 

9.3 
57.  0 

10.2 

Miles 
8.5 
8.1 
5.7 
9.9 
7.1 

15.5 
8.0 
10.  3 
15. 1 
13.1 

9.3 
21.0 
20.  5 
34.8 
11.9 
15.5 

9.1 

25.  9 

8.1 

11.3 

23.4 

23.6 

9.7 

Miles 
3.6 

3.5 
3.5 
5  x 
3.4 

4.6 

3.6 
4.1 
8.8 
4.8 

4.0 
4.7 
3.6 
6.3 
3.7 
4.2 

3.9 
7.1 
3.  6 
4.1 
3.8 
6.5 

3.8 

Miles 
9.1 
6.7 
6.  5 

7.6 
7.0 

6.8 

6.1 
7.8 
8.8 
6.8 

4.4 
10.1 

4.7 
8.3 

6.7 

7.5 
7.1 

13.5 
6.7 
6.3 

28.4 

6.8 

Miles 
5.7 
4.3 
3.7 
4.2 
3.1 

4.7 
4.3 
5.3 
4.5 
3.9 

4.2 
6.  2 
2.9 
9.3 
7.1 
4.4 

3.8 
5.4 
5.2 
3.9 
3.7 
5.5 

4.1 

Miles 
156.6 
205.4 
269  8 
80.9 
747.9 

535.4 

94.1 

654.  4 

171.4 

His  2 

641.5 

472.  5 
377.  7 
538.9 
265.  9 
320.2 

111.1 
1.031.2 
287.5 
L06.8 
264.  3 
318.9 

296. 0 

Miles 
15.3 
21.8 
Is  6 
31.6 
12.  o 

13.7 
11.1 
12.  5 
11.9 
15.3 

22.9 
16.  1 
11.1 
12.9 
13.4 
14.7 

16.  2 
14.(1 
12.6 
13.7 
15.2 
23.  6 

14.2 

Miles 
11.9 
11.8 

12.1 
14.9 
9.2 

ii.'i 

15.7 
12.3 
11.2 

14.9 
12.6 

3.5 
16.4 
16.5 

6.9 

14.4 
16. 1 
11.1 
3.9 
11.2 
23.3 

12.3 

Idaho              

N'ew  Mexico   _.     -  ...   .   . 

\nrth  Dakota 

Pennsylvania .  .  

Washington 

Wisconsin. 

Wyoming      

AVERAGE   ..  ..   

1  Motor-yehielc-use  studies  conducted  in  each  State. 


areas  and  other  places  for  conducting  family 
business  than  persons  living  in  the  unincorpo- 
rated areas.  Shopping  trips  accounted  for  15 
percent  of  all  trips  but  only  7  percent  of  all  the 
travel.  Trips  made  for  medical  and  denial 
purposes  were  responsible  for  less  than  2  per- 
cent of  the  trips  and  travel.  But,  trips  for 
family  business  other  than  medical,  dental, 
and  shopping  accounted  for  12  percent  of  the 
trips  and  10  percent  of  the  travel.  These 
trips  included  those  for  such  purposes  as  to  sec 
a  lawyer,  insurance  agent,  hairdresser,  or  a 
barber. 

Trips  made  for  social  and  recreational  pur- 
poses accounted  for  18  percent  of  the  trips  and 
34  percent  of  the  travel.  Persons  living  in 
either  incorporated  or  unincorporated  areas 
performed  about  the  same  proportion  of  the 
trips,  but  residents  of  incorporated  places  per- 
formed a  higher  proportion  of  their  travel  for 
social  and  recreational  purposes  than  persons 
living  in  the  unincorporated  areas.  Thirty-six 
percent  of  the  travel  by  residents  of  incorpo- 
rated places  was  for  social  and  recreational 
purposes,  while  only  30  percent  of  the  travel 
by  unincorporated  area  residents  was  for  such 
purposes.  Only  0.1  percent  of  the  trips  were 
made  for  vacations  but  these  accounted  for 
5  percent  of  the  total  travel. 

Table  12  shows  the  average  one-way-trip 
length  by  purpose  of  trips  in  each  of  22 
States.  For  the  22  States  combined,  the 
average  one-way-trip  length  for  all  purposes 
was  8.0  miles,  it  ranged  from  0.2  miles  in 
Kansas  to  14.7  miles  in  Wyoming.  Trips  to 
and  from  work  were  relatively  short  trips,  the 
average  being  0.4  miles,  and  ranged  from  3.1 
miles  in  South  Dakota  lo  7  6  miles  in  Louisiana. 

Related  business  trips  averaged  10.2  miles 
for  the  22  States.  Nine  States  reported  an 
average  business  dip  length  of  less  than  10 
miles,  nine  States  between  10  and  15  miles, 
three   States   between    15  and    17   miles,    while 
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Wyoming  reported  an  average  trip  length  of 
57  miles. 

Trips  for  shopping  purposes  were  relatively 
short,  averaging  less  than  4  miles.  Similarly, 
trips  for  educational  purposes  averaged  less 
than  5  miles.  Vacation  trips  averaged  almost 
300  miles  one  way,  with  a  wide  difference  in 
averages  among  the  various  States.  One 
reason  for  the  range  in  the  averages  reported 
among  the  States  was  the  definitions  used  for 
vacations  and  pleasure  rides.  For  example, 
in  some  States  an  overnight  trip  was  con- 
sidered a  pleasure  ride  while  in  other  States  it 
was  considered  a  vacation.  Another  factor 
probably  was  the  availability  of  the  major 
vacation  areas  within  the  State  and/or 
adjacent  States. 

Comparison  With  Earlier  Studies 

Between  1935  and  1940  most  State  highway 
departments  conducted  road-use  studies  that 
were  designed  to  provide  more  information 
about  the  characteristics  of  motor-vehicle  use 
than  was  then  available.  These  studies  wen- 
somewhat  similar  to  the  motor-vehicle-use 
studies  that  have  been  conducted  since  1951. 

Both  types  of  studies  were  based^on  samples. 
However,  in  the  earlier  studies  the  universe 
in  most  instances  was  the  motor-vehicle 
registrations  of  the  previous  complete  year. 
The  universe  for  the  passenger-car  data  in  the 
current  motor-vehicle-use  studies  was  the  total 
number  of  dwelling  units  in  the  State  being 
studied. 

The  information  in  both  groups  of  studies 
was  collected  through  personal  interview  with 
I  lie  respondents.  In  a  few  States,  the  road- 
use  data  needed  were  obtained  through  the 
so-called  "school  method."  In  States  adopt- 
ing this  method  the  study  was  set  up  as  a 
school  project  in  classes  in  selected  high 
schools. 


The  interviewers  employed  in  the  more  re- 
cent motor-vehicle-use  studies  were  given  no 
latitude  in  selecting  persons  to  be  interviewed. 
In  the  earlier  road-use  studies,  quotas  within 
areas  were  established  and  the  interviewers 
were  instructed  to  make  their  selections  on  a 
more  or  less  random  basis.  Some  controls 
were  established,  however,  including  the  re- 
quirement that  urban  interviews  be  distrib- 
uted according  to  the  distribution  of  workers 
among  the  different  occupations.  In  the 
earlier  studies,  an  attempt  was  made  to  obtain 
trip  information  for  an  entire  12- month  pe- 
riod, generally  the  12-month  period  imme- 
diately preceding  the  date  of  the  interview. 
The  more  recent  studies  are  designed  to  obtain 
data  only  for  trips  reported  on  the  most  recent 
workday  and  Saturday  and  Sunday.  Further, 
the  procedures  for  the  motor- vehicle-use 
studies  conducted  since  1952  provided  that 
one-fourth  of  the  interviews  shall  be  obtained 
in  each  area  sampled  in  each  of  the  four  sea- 
sons of  the  year.  These  changes  in  proce- 
dures are  expected  to  reduce  memory  bias  or 
unreliability  in  the  information  obtained  and 
to  provide  uniform  seasonal  coverage  of  the 
areas  sampled. 

Despite  differences  in  the  procedures  used 
in  the  two  studies,  it  is  still  possible  to  make 
some  significant  comparisons  between  the  two. 
Table  13  shows  by  State  and  population  groups 
the  percentage  of  total  travel  assignable  to 
business  and  pleasure.  Two  sets  of  data  are 
presented  for  each  population  group.  The 
first  reports  the  percentage  of  travel  assignable 
to  business  and  pleasure  as  developed  from  the 
road-use  studies  conducted  during  the  late 
1930's.  The  second  set  of  data  shows  the 
results  of  the  motor-vehicle-use  studies  eon- 
ducted  in  the  different  States  from  1951 
through  1958. 

Business  travel  in  both  studies  includes 
travel  to  and  from  work  and  for  related  busi- 
ness and  family  business  trips,  such  as  for 
shopping,  medical,  and  dental  purposes.  The 
travel  shown  for  pleasure  purposes  includes 
the  travel  for  social  and  recreational  activities 
plus  that  for  educational,  civic,  and  religious 
purposes.  Although  it  is  difficult  to  draw 
conclusions  from  these  two  sets  of  data,  a  few 
general  observations  can  be  made.  Most  of 
the  States  shown,  which  are  generally  consid- 
ered as  being  somewhat  rural  in  character, 
reported  less  travel  for  business  purposes  in 
the  motor-vehicle-use  studies  than  in  the 
earlier  road-ise  studies.  Also,  in  the  major 
cities  having  a  population  of  100,000  or  more, 
the  more  recent  studies  show  a  higher  percent- 
age of  travel  for  business  purposes  than  the 
earlier  studies.  This  could  possibly  have  been 
caused  by  decentralization  of  commercial  and 
industrial  firms.  The  motor-vehicle-use  study 
results  showed  that  people  in  the  unincorpo- 
rated areas  generally  drove  less  of  their  total 
mileage  for  business  purposes  than  results 
reported  in  the  earlier  studies. 

Automobile  Occupancy 

Information  on  automobile  occupancy  ia 
essential  as  a  base  for  computing  passenger 
miles  of  travel  in  private  automobiles.  The 
tlata   are  of  general  interest  also  to  highway 
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Table  13.-Comparison  by  State  between  distribution  of  travel  for  business  and  pleasure  as  reported  in   the  road-use  studies'  and   the 

motor-vehicle-use  studies  2 


Purpose  of  travel  by  State 


Arkansas: 
Business. 
Pleasure. 

Colorado: 
Business. 
Pleasure. 


Idaho: 
Business. 
Pleasure. 


Illinois: 

Business 

Pleasure 


Iowa: 
Business. 
Pleasure. 


Kansas: 

Business..  _ 
Pleasure... 


Kentucky: 
Business. 
Pleasure. 


Louisiana: 
Business. 
Pleasure. 


Mississippi: 
Business.. 
Pleasure.. 


Missouri: 
Business. 
Pleasure. 

Montana: 
Business- 
Pleasure. 


New  Mexico: 
Business... 
Pleasure... 


North  Dakota: 

Business 

Pleasure 


Oklahoma: 
Business. 
Pleasure. 


Oregon: 

Business y. 

Pleasure 


?outh  Dakota: 

Business 

Pleasure 


Tennessee: 
Business. 
Pleasure  . 


Washington: 
Business... 
Pleasure. _. 


Wisconsin: 
Business. 
Pleasure . . 


Wyoming: 
Business. 
Pleasure. 


All  places 


Komi 
use 


Percent 


71.6 

28.4 


02.  6 
37.4 


66.  8 
33.2 


48.1 
51.  9 


57.8 
42.2 


56.2 
43.8 


64.6 
35.4 


70.1 

29.9 


67.2 
32.8 


63.0 
37.0 


63.0 
37.0 


55.6 
44.4 


62.4 
37.6 


70.8 
29.2 


55.4 
44.6 


56.8 
43.2 


63.8 
36.2 


62.1 
37.9 


49.6 
50.4 


56.  4 
43.0 


Motor- 

vehielc- 

use 


Percent 


60.  0 
40.0 


53.  9 
46.  1 


56.  1 
43.9 


69.  7 
30.  3 


55.3 

44.7 


61.2 
38.8 


52.5 
47.5 


61.2 

38.8 


67.2 
32.8 


62.8 
37.2 


58.8 
41.2 


61.6 
38.4 


53.3 
46.  7 


59.1 
40.9 


62.6 
37.4 


57.3 

42.7 


56.1 
43.9 


63.1 
36.9 


59.3 
40.7 


50.7 
49.3 


Unincorporated 
areas 


Road- 
use 


Percent 


76.  9 
23.1 


72.5 
27.5 


73.2 
26.8 


60.3 
39  7 


67.  4 
32.  6 


66.  5 
33.5 


66.2 
33.8 


80.0 
20.  o 


70.9 
29.1 


73   l'i 
26.4 


76.  s 
23.  2 


55.  6 
44.4 


68.9 
31.1 


77.4 
22.6 


64.  3 
35.7 


65.8 
34.2 


68.7 
31.3 


67.7 
32.3 


54.  5 
45.5 


67.  0 
33.0 


Motor- 

vehiele- 

use 


Perct  hi 


62.0 
38.  0 


60.2 
39.8 


55.1 
44.9 


65.4 
34.6 


56.8 
43.2 


62.  1 

37.  9 


49.7 
50.3 


61.9 

38.1 


73.2 
26.  8 


71.5 
28.5 


64.  6 
35.4 


69.9 
30.1 


59.8 
40.2 


68.4 
31.6 


68.5 
31.5 


56.8 
43.2 


62.3 
37.7 


65.2 
34.8 


i,: i  i; 
30.4 


69.  0 
31.0 


Residence  of  principal  operator 


Incorporated  places  populations 


Less  than  5,000 


Road- 
use 


Percent 


71.5 
28.5 


60.2 
39.8 


62.2 
37.8 


49.5 
50.5 


56.  4 
43.6 


51.3 
48.7 


65.4 
34.6 


71.  2 
28.8 


66.  9 
33.  1 


67.9 
32.1 


56.5 
43.5 


54.4 
45.6 


59.8 
40.2 


69.7 
30.3 


52.6 
47.4 


54.6 
45.4 


65.0 
35.0 


62.3 
37.7 


50.2 
49.8 


51.0 
49.0 


Motor- 

vehiele- 

use 


/'.  ret  m 


59.7 
40.3 


50.0 

50.0 


62.1 
37.9 


07.5 
32.5 


56.8 
43.2 


60.  9 
39.1 


51.8 
48.2 


70.3 

29.7 


61.5 
38.5 


61.9 
38.1 


51.9 
48.1 


67.3 
32.7 


47.8 
52.2 


42.3 

57.7 


57.8 
42.2 


63.5 
36.5 


53.5 
46.5 


54.2 
45.8 


67.  7 
32.3 


49.4 
50.6 


5,000-24,000 


Road- 

use 


/'(  m  nt 


61.9 

:ts  ] 


61.5 

38.5 


60.  1 
39  9 


43.5 
56.5 


38.8 
61.2 


53.4 
46.6 


65.9 
34.1 


68.  5 
31.5 


64.1 
35.9 


59.1 
40.9 


55.  1 
44.9 


56.4 
43.6 


56.  9 
43.1 


72.6 
27.4 


Motor- 

vehicle- 

use 


48.7 
51.3 


51.9 
48.1 


57.4 
42.6 


58.1 
41.9 


48.8 
51.2 


40.  3 
50.7 


I'u,,  nt 


62.6 
37.4 


31.0 
69.0 


52.  9 
47.  1 


71.9 
28.1 


50.1 

49.  9 


59.  5 
40.5 


67.3 
32.7 


61.9 
38.  1 


67.4 
32.  6 


63.2 
36.8 


61.6 
38.4 


55.0 
45.0 


58.5 
41.5 


55.  6 
44.4 


58.3 
41.7 


47.7 
52.3 


56.4 
43.6 


63.2 
36.8 


53.1 
46.  9 


34.9 
65.1 


-.   i."in  :i',...:,:i 


Road- 
use 


Motor- 
vehicle- 

use 


I'm;  ut 


62.6 
37.4 


.Mi  :< 
49.7 


43.4 
56.6 


61.  6 
38.4 


52.2 

47.8 


59.8 
40.2 


70.7 
29.3 


61.8 
38.2 


65.1 
34.9 


53.1 

46.9 


55.7 
44.3 


53.7 
46.3 


63.7 
36.3 


37.3 
62.7 


48.2 
51.8 


62.7 
37.3 


56.7 
43.3 


50.7 
49.3 


Percent 


51.5 

is  5 


6£  'i 
34.  1 


57.2 
42.8 


69.  7 
3(1.  3 


55.  1 
44.9 


58.  5 
41.5 


57.7 
42.3 


57.2 

12  8 


59.0 
41.0 


52.9 
47.  1 


50.6 
49.4 


55.1 
44.9 


24.  2 
75.8 


48.9 
51.1 


62.2 
37.8 


49.3 

50.7 


63.4 
36.  6 


47.5 
52.5 


38.2 
61.8 


100,000  and  more 


Road- 
use 


Percent 


56.  9 
43.  1 


48.1 
51.9 


48.7 
51.3 


50.8 
49.2 


61.3 
38.  7 


59.2 
40.8 


57.2 

I.'  - 


61.0 
39.0 


52.4 
47.6 


60.0 
40.0 


60.  1 
39.9 


41.9 
58.1 


Motor- 

vehiele- 

use 


Percent 


58.  1 
41.6 


73.  1 
26.9 


53.0 
47.0 


62.5 
37.5 


54.0 
46.  0 


54.4 
45.  o 


58.1 
41.9 


63.9 
36.  1 


57.  2 
42.8 


46.2 
53.  8 


62.3 
37.7 


44.1 
55.9 


Total 


Road- 
use 


Percent 


66.  6 
33.4 


57.9 
42.1 


61.2 
38.8 


46.3 
53.7 


54.  3 
45.7 


52.  0 
48.0 


63.1 
36.9 


64.  6 
35.4 


65.2 
34.8 


60.  o 
40.0 


55.4 
44.6 


55.5 
44.5 


57.8 
42.2 


66.9 
33.1 


51.2 
48.8 


53.  3 
46.7 


60.9 
39.1 


59.  5 
40.5 


is.  2 
51.8 


50.0 
50  o 


Motor- 

vehicle- 

use 


Percent 


58.8 
41.2 


.".1   4 
48.6 


57.  1 
42.  9 


71.  1 

28.  9 


".4.  5 
45.5 


60.5 
39.5 


56.5 
43.5 


60.  6 
39.4 


62.  2 
37.8 


59.5 
40.5 


54.1 
45.9 


57.2 
42.8 


48.4 
51.6 


53.9 
46.1 


56.9 
43.1 


57.8 
42.2 


49.6 
50.  4 


61.3 
38.7 


52.8 
47.2 


43.1 
56.9 


1  Road-use  studies  conducted  during  the  1930's. 

2  Motor-vehiele-use  studies  conducted  since  1951. 
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Table  14. — Average  occupancy  in  automobile  trips,  classified  by  location  of  travel,  major  purpose  of  travel,  by  selected  population  groups  ' 


;l  ion  croup  of  residence  of  principal  operator  and 
location  of  travel 

Occupants  and  major 

Purpose  of  travel 

All 
purposes 

Earning  a  living 

Family  business 

Educa- 
tional, 
civic, 
and  re- 
ligious 

Social  and  recreational 

To  and 
from 
work 

Related 
business 

Total 

Medical 

and 

dental 

Shop- 
ping 

Other 

Total 

Vaca- 
tions 

Pleasure 
rides 

Other 

Total 

All  population  groups: 

1.7 

1.9 
1.6 
1.9 

1.9 

1.9 
1.8 
1.9 

1.7 

1.9 
1.6 
1.8 

1.3 

1.3 
1.2 
1.3 

1.3 

1.3 
1.3 
1.3 

1.2 

1.3 
1.2 
1.3 

1.3 

1.4 
1.2 
1.4 

1.5 

1.5 
1.4 
1.5 

1.3 

1.4 
1.2 
1.3 

1.3 

1.4 
1.2 

1.4 

1.4 

1.4 
1.3 
1.4 

1.2 

1.3 
1.2 
1.3 

2.0 

2.2 
1.8 
2.0 

2.2 

2.3 
2.0 
2.0 

1.9 

2.0 
1.8 
2.5 

1.9 

2.1 
1.8 
1.9 

2.0 

2.1 
1.9 
1.9 

1.8 

2.  1 
1.8 

1.8 

1.8 

2.0 
1.7 
1.9 

1.9 

1.9 
2.0 
1.8 

1.8 

2.0 
1.7 
2.4 

1.9 

2.1 
1.8 
1.9 

2.0 

2.1 
2.0 
1.9 

1.8 

2.1 
1.8 
2.2 

2.4 

2.5 
2.3 
2.7 

2.6 

2.6 
2.5 

2.7 

2.3 

2.4 
2.3 
2.3 

2.7 

2.8 
2.3 
2.9 

3.1 

3.2 
3.8 
2.6 

2.7 

2.7 
2  2 
3.1 

2.5 

2.7 
2.3 
2.6 

2.7 

2  7 
2.6 
2.6 

2.5 

2.7 
2.3 
2.9 

2.4 

2.5 
2.  2 

i.  5 

2.5 

2.5 
2.5 
2.5 

2.3 

2.5 
2.1 
2.8 

2.4 

2.6 
2.2 
2.5 

2.6 

2.6 
2.5 
2.5 

2.4 

2.6 
2.2 
2.9 

Trips   partially   within   an   incorporated   place   and 

Trips  entirely  within  an  incorporated  place  2 

Unincorporated  areas: 

Trips  partially  within  an  incorporated  place  and  par- 

Trips  entirely  within  an  incorporated  place  2 __ 

Trips  entirely  outside  incorporated  places  .    .. 

All  incorporated  places: 
All  trips.        .  ._          . 

Trips  partially  within  an  incorporated  place  and  par- 

Trips  entirely  within  an  incorporated  place  2 

Trips  entirely  outside  incorporated  places 

i  Motor-vehicle-use.  studies  in  16  States:  California,  Colorado,  Idaho,  Illinois,  Iowa,  Kansas,  Kentucky,  Mississippi,  Montana,  New  Mexico,  Oregon,  Pennsylvania,  South  Dakota,  Ten- 
nessee, Washington,  and  Wyoming. 

2  Or  within  contiguous  incorporated  places. 


Table  15. — Distribution  of  automobile  trips 
by  purpose  of  trip  and  location  of  travel ' 


Table  16. — Proportion  of  driving  done  by  principal  operator  according  to  occupation  and 

population  group  of  residence  1 


Distribution  of  travel 

Trips 

par- 

Distri- 

tially 

Trips 

bution 

within 

entirely 

Trips 

Purpose  of  trip 

by  pur- 

an in- 

within 

entirely 

pose 

corpo- 

an in- 

outside 

rated 

corpo- 

incor- 

place 

rated 

porated 

and 

place  2 

places 

par- 

tially 

rural 

Earning  a  living: 

Percent 

Percent 

Percent 

Percent 

To  and  from  work  _ 

33.6 

36.7 

56.3 

7.0 

Related  business. 

12.2 

42.3 

46.0 

11.7 

TOTAL 

45.8 

38.2 

53.6 

8.2 

Family  business: 

Medical  and 

dental 

1.6 

48.4 

48.3 

3.3 

Shopping 

15.8 

30.7 

58.0 

11.3 

Other 

12.  1 

36.4 

53.8 

9.8 

TOTAL... 

29.5 

34.1 

55.7 

10.2 

Educational,  civic, 

and  religious..  ._ 

7.6 

28.1 

57.8 

14.1 

Social  and  recrea- 

tional: 

Vacations 

0.1 

83.9 

8.3 

7.8 

Pleasure  rides 

7.2 

54.6 

36.1 

9.3 

Other 

9.8 

48.5 

40.4 

11.1 

TOTAL 

17.1 

51.3 

38.3 

10.4 

ALL  PUB- 

POSES 

100.0 

38.4 

52.0 

9.6 

Occupational  group  of  principal  operator 


Professional  and  semiprofcssional  workers 

Proprietors,  managers,  and  officials: 

Farmers  and  farm  managers 

Other  proprietors,  managers,  and  officials 

Store  and  office  clerks 

Traveling  salesmen 

Craftsmen,  foremen,  and  skilled  laborers 

Operatives,  semiskilled,  and  unskilled  laborers 

Protective  services  workers. 

Military  personnel 

Personal  service  workers 

Retired  persons 

Housewives 

Unemployed  persons 

Students 

ALL  OCCUPATIONS 


All  places 


\  1'hirlc- 

miles 


Percent 
97.1 


87.3 
90.4 
92.3 
100.  0 
90.5 
93.4 


76.7 
91.3 
89.3 
63.0 
86.9 
65.9 

88.0 


Trips 


Percent 
94.8 


93.6 
89.8 
90.3 
100. 0 
95.0 
93.2 

89.0 
88.1 
91.0 
95.1 
57.5 
79.4 
70.6 


Unincorporated 
areas 


Vehicle- 
miles 


Percent 
97.4 


87.8 
97.2 
94.1 
100.  0 
97.8 
93.9 

93.9 

100.  0 
82.8 
92.1 
52.0 
83.3 
73.0 

88.0 


Trips 


I',  ICt  lit 

96.0 


94.5 
91.8 
88.3 
100. 0 
97.8 
91.5 

76.9 
100.  0 
75.8 
90.0 
51.5 
71.1 
69.1 

85.5 


All  incorporated 
places 


Vehicle- 
miles 


Percent 
97.0 


82.5 
88.5 
91.8 
100.0 
87.3 
93.1 

97.7 
76.1 
93.4 
88.6 
70.0 
88.9 
60.4 

87.9 


Trips 


Percent 
94.4 


83.9 
89.4 
90.9 
100. 0 
93.8 
94.0 

91.8 
87.4 
93.7 
96.3 
60.3 
83.3 
71.5 

86.9 


1  Special  analysis  of  24,000  trips  reported  on  motor-vehicle-use  study  interview  forms  from  Colorado,  Delaware,  Kansas, 
and  Tennessee.    This  represented  a  subsample  of  motor-vehicle-use  study  interview  forms. 


1  Motor- vehicle-use  studies  conducted  in  16  States:  Cali- 
fornia, Colorado,  Idaho,  Illinois,  Iowa,  Kansas,  Kentucky, 
Mississippi,  Montana,  New  Mexico,  Oregon,  Pennsylvania, 
South  Dakota,  Tennessee,  Washington,  and  Wyoming. 

8  Or  within  contiguous  incorporated  places. 


planners  and  city  officials  for  estimating  the 
number  of  automobiles  that  may  travel  on  a 
given  highway  if  an  industrial  plant  or  shop- 
ping center  is  located  within  any  specified  area 
and  for  comparing  with  data  on  other  modes 
of  transportation. 

The  average  occupancy  for  all  trips  was  1.7 
persons  per  trip,  as  shown  in  table  14  and 
figure  9.  For  trips  that  were  confined  entirely 
to  an  incorporated  place  or  to  contiguous 
places,  occupancy  averaged  1.6  persons  per 
trip,  but  when  the  trip  was  made  entirely 
outside    of    incorporated    places    or    partially 
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Table  17. — Proportion  of  travel  performed  by  eacb  occupational  group  of  drivers 


Occupational  group  of  driver 

Proportion  of 

travel 
performed  by 

driver 

Proportion  of  vehicle-miles 
driven  by  each  occupa- 
tional group  as — 

Principal 
operator 

Other  than 
principal 
operator 

Professional  and  semiprofessional  workers..  ..     . 

Percent 
12.1 

9.9 
10.7 
11.6 

2.3 
If,  8 
16.  6 

1.4 

2.2 
1.8 
1.1 
10.6 
0.9 
2.0 

100.0 

Percent 

88.4 

82.6 
91.6 
90.3 
97.3 

95.0 
92.4 

94.6 
96.8 
90.2 
96.0 
59.8 
98.9 
98.6 

88.0 

Per  a  n  I 
11.6 

17.4 
8.4 
9.7 
2.7 
5.0 
7.6 

5.4 
3.2 

'.1    s 

4.0 

40.2 

1.1 

1.4 

12.  0 

Proprietors,  managers,  and  officials: 
Farmers  and  farm  managers.  . .   .     _      __  _  ... 

Other  proprietors,  managers,  and  officials. 

Store  and  office  clerks.. . 

Traveling  salesmen.  _   _.  ..     __     ..... 

Craftsmen,  foremen,  and  skilled  laborers. . 

Operatives,  semiskilled,  and  unskilled  laborers _  

Protective  services  workers. 

Military  personnel- 

Personal  service  workers. 

Retired  persons.                  .     —  .. . 

Housewives .          __  _  _     

Unemployed  persons .     ...       

All    OCCUPATIONS             .      .    .         

1  Special  analysis  of  24,000  trips  reported  from  motor-vehicle-use  studies  in  4  States:  Colorado,  Delaware,  Kansas,  and 
Tennessee.     This  represented  a  subsample  of  motor-vehicle-use  study  interview  forms. 


Table  18. — Average  length  of  one-way  trip  by  purpose  of  travel  and  day  of  week 


Day 

All 
trips 

Earning  a  living 

Family  business 

Educa- 
tional, 

civic, 

and 

religious 

Social 
and 
recrea- 
tional 

To 
and 
from 

work 

Related 

business 

All 
work 
trips 

\lr,!lr,il 

and 
dental 

Shop- 
ping 

Other 

family 
business 

All 

family 

business 

Milts 
7.5 
7.0 
7.8 
7.0 
7.  7 
8.3 

10.  6 

8.0 

Miles 
7.4 
7.3 
7.3 
7.4 
7.0 
6.3 
8.1 

7.2 

Milis 
14.7 
18.7 
20.6 
17.3 
15.6 
13.1 
16.1 

16.7 

Miles 
8.3 
8.6 
8.8 
8.3 
8.0 
7.3 
9.9 

8.3 

Miles 

6.8 
5.6 
4.8 
9.3 
12.3 
8.8 
7.4 

7.9 

Milis 
3.9 
4.9 
4.7 
4.4 
4.3 
5.1 
4.0 

4.6 

\hlis 

6.0 

6.9 

7.8 

5.5 

6.5 

8.1 

8.8 

7.0 

Miles 
5.2 
5.9 
6. 3 
5.3 
5.7 
6.5 
7.3 

6.0 

Miles 
5.9 
4.1 
4.2 
6.3 
6. 0 
7.5 
4.1 

5.0 

Miles 
12.1 
10.8 
10.5 
6.7 
12.9 
13.9 
18.8 

13.6 

Wednesday .  . 

Thursday... . 

Friday - 

Sunday.   . 

A.LI    DATS    

'  National  automobile-use  study  conducted  by  the  Bureau  of  the  Census  for  Public  Roads,  spring  1961. 


ENTIRELY   OUTSIDE  OF  INCORPORATED 

PLACES 

ENTIRELY   WITHIN    INCORPORATED 

PLACES 


PARTIALLY    WITHIN    INCORPORATED  PLACES 
AND    PARTIALLY    RURAL 


100 


60  - 


60 


40 


20 


EARNING  A  LIVING 


FAMILY    BUSINESS 


PURPOSES  JO  8  FROM 


RELATED     MEDICALS 
BUSINESS     DENTAL 


<xxX>       R5v0v 


RELIGIOUS 


EDUCATION-        SOCIAL  AND  RECREATIONAL 
AL, CIVIC,  a" 


VACATIONS 


PLEASURE 
RIDES 


OTHER 


y. 


100 


60 


40 


20 


TRIP   PURPOSE 
Figure  10.— Automobile  trips  classified  by  purpose  of  each  trip  and  location  of  travel. 
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within  an  incorporated  place  and  partially  in 
a  rural  area,  the  average  occupancy  rate  was 
1.9  persons  per  vehicle.  On  trips  made  l> 
unincorporated  area  residents,  occupants  gen- 
erally averaged  more  persons  per  trip  than  for 
the  trips  made  by  residents  of  all  incorporated 
places. 

The  average  occupancy  rate  for  trips  related 
to  earning  a  living  was  1.3  persons  per  trip 
for  all  population  groups  combined.  Residents 
of  all  incorporated  places  reported  an  average 
occupancy  of  1.2  persons  per  trip,  while 
residents  of  unincorporated  areas  reported  1.4 
occupants  per  trip. 

On  trips  made  for  medical  and  dental 
purposes,  occupants  averaged  2.0  per  trip, 
and  2.2  occupants  per  trip  by  residents  of 
unincorporated  areas  and  1.9  occupants  per 
trip  by  residents  of  incorporated  places  were 
reported.  Where  the  trip  was  made  partially 
through  an  incorporated  place  and  partially 
through  a  rural  area,  the  average  occupancy 
per  trip  was  somewhat  higher.  Other  trips 
made  in  connection  with  family  business 
followed  somewhat  the  same  pattern  as  trips 
for  medical  and  dental  purposes,  but  the 
average  occupancy  rate  was  a  little  lower:  1.9 
persons  per  trip  for  shopping  purposes  and  1.8 
persons  per  trip  for  other  family  business. 

For  trips  related  to  educational,  civic,  and 
religious  purposes,  occupancy  averaged  2.4 
persons  per  trip  for  residents  of  all  places,  and 
2.6  and  2.3  for  residents  of  unincorporated 
areas  and  incorporated  places,  respectively. 
The  largest  number  of  occupants  per  trip,  an 
average  of  2.7  persons  was  reported  for  vaca- 
tion trips.  Unincorporated  area  residents 
reported  an  average  occupancy  of  3.1  persons 
for  vacation  trips,  and  residents  of  all  incor- 
porated  places  reported  an  average  occupancy 
of  2.7  persons  per  trip.  For  trips  for  pleasure 
rides  and  other  social  and  recreational  pur- 
poses, average  occupancy  was  2.5  and  2.4 
persons,  respectively. 

Distribution  of  Automobile  Trips  by 
Purpose  and  Location   of  Travel 

As  shown  in  table  15  and  figure  10  more 
than  half  of  all  passenger-car  trips  were  made 
entirely  within  an  incorporated  place  or  within 
contiguous  places.  An  additional  38  percent 
of  all  trips  was  classified  as  trips  partially 
within  incorporated  places  and  partially  in 
rural  areas.  These  latter  trips  probably  ap- 
proximate the  so-called  intercity  travel, 
although  some  of  the  trips  are  undoubtedly 
not  truly  intercity. 

Fifty-six  percent  of  all  to-and-from-work 
trips  was  confined  entirely  within  a  single 
incorporated  place  or  contiguous  plans. 
Half  or  more  of  the  trips  for  purposes  other 
than  social  and  recreational  was  also  urban  in 
character.  Eight  percent  of  all  vacation  trips 
was  taken  entirely  within  incorporated 
places;  the  bulk  of  such  travel  was  reported  l>.\ 
California,  Kansas,  Illinois,  and  Pennsylvania. 
Eighty-four  percent  of  all  vacation  trips  in- 
volved travel  both  within  incorporated  places 
and  in  rural  areas.  Similarly,  only  a  small 
proportion  of  trips  for  any  purpose  were  made 
completely  outside  an  incorporated  place  (in 
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Table  19.— Distribution  <)f  trips  and  travel  by  clay  of  week  for  each  purpose  of  travel 


Mon'l.   . 
Tuesday    .. 
Wednesday. 
Thursday. . 


FYid 


S  iturday... 
Sunday 


All  purposes 


Trips 


15.2 
13  4 
13.3 

13.4 
16.5 

15.4 
12  8 


Travel 


: 
14,  1 

12.  e 

12.  9 
11.7 
15.8 
16.  II 

16.  9 


Earning  a  living 


Trips 


Percent 
19.7 
16.7 
16.3 
15.9 
IS,  7 
9  6 
3.1 


Travel 


Pera  nl 
19. 5 
17.3 
17.3 
15.8 
18.1 
8.  4 
3.6 


Family  business 


eal  and 
dental 


rl  rips 


Pi  rci  ill 
21.5 
14.1 
li;  I 
16.  1 
16.(1 
14.0 
1.9 


Travel 


Percent 
18.5 
10.0 
111.  1 
19.0 
25.0 
15.6 
1.8 


Shopping 


Trips 


Percent 
12.6 
11.2 
11.2 
12.  1 
19  9 
28.  3 


Travel 


/'(  i,-i  i,l 
10.6 
11.9 
11.6 
11.6 
18.8 
31.4 
4.1 


Other  family 
business 


Trips 


Percent 
13.0 
13.2 
13.5 
14.0 
16.2 
20.1 
10.0 


I  !  :i\  '  I 


1  ■,  ir,  nl 

11.0 
12.  9 
14.9 
10.8 
14.9 
23.0 
12.5 


Tcilal 


Trips 


Percent 
13.4 
12.3 
12.6 
13.2 
17.9 
23.6 
7.0 


Travel 


Percent 
11.5 
12.3 
13.3 
11.8 
17.2 
25.4 
8.5 


Educational, 
civic,  and 
religious 


Trips 


Percent 
13.5 
11.4 
10.7 

9.9 
10.5 

5.6 
3S    I 


Travel       Trips 


Social  and 
recreational 


Percent 

16.1 

9.4 

9.0 

12.7 

12.6 

8.4 

31.8 


Pi  in  nl 
9.  2 
8.9 
9.4 
10.6 
12.9 
20.6 
28.4 


Travel 


Percent 
8.2 
7.1 
7.2 
5.2 
12.2 
21.  C 
39.1 


National  automobile-use  study  conducted  by  the  Bureau  of  the  Census  for  Public  Roads,  spring  1961. 


a  rural  area),  the  greatest  number,  ll.l 
peicent,  being  made  for  educational,  civic,  and 
religious  purposes. 

If  ho  Does  the  Driving 

Car  manufacturers  are  concerned  about 
their  potential  market.  Thus,  it  follows  that 
they  need  to  know  who  drives  the  vehicles. 
For  example,  if  the  housewife  does  a  high  pro- 
portion of  all  the  driving,  manufacturers  un- 
doubtedly will  want  to  give  consideration  to 
women     when     designing     new    automobiles. 

The  standard  interview  form  for  the  motor- 
vehicle-use  studies  asks  for  the  occupational 
group  of  the  principal  operator  of  a  vehicle  and 
also  the  occupational  group  of  the  driver  for 


each  trip.  For  the  standard  tabulations  pre- 
pared from  these  studies,  all  trips  and  travel 
were  classified  according  to  the  occupation  of 
the  person  shown  as  the  principal  operator. 
To  determine  the  proportion  of  trips  and  travel 
performed  by  each  occupational  group  accord- 
ing to  the  principal  operator  and  other  than 
the  principal  operator,  a  special  analysis  was 
made  of  a  subsample  of  interview  forms  from 
Colorado,  Delaware,  Kansas,  and  Tennessee. 
This  analysis  showed  that  88  percent  of  all 
travel  and  86  percent  of  all  trips  were  per- 
formed by  the  persons  reported  as  the  principal 
operators. 

Table  1G  shows  the  proportion  of  travel  and 
trips  performed  by  the  principal  operator  ac- 


ci  it  ding  to  occupational  groups  for  residents 
of  all  places,  all  unincorporated  areas,  and  all 
incorporated  places.  Traveling  salesmen  per- 
formed all  the  trips  and  travel  in  the  vehicles 
for  which  they  were  reported  as  the  principal 
operators.  Persons  engaged  in  the  protective 
services  and  those  in  the  professional  and  semi- 
professional  groups  reported  a  very  large  per- 
centage of  the  vehicle-miles  and  trips  in  the 
vehicles  for  which  they  were  reported  as  being 
the  principal  operators.  Housewives,  how- 
ever, performed  only  63  percent  of  the  travel 
and  58  percent  of  the  trips  in  automobiles  in 
which  they  were  reported  as  the  principal 
operators. 

Table    17   shows   the   proportion   of  travel 
performed  according  to  the  occupational  group 
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Figure  11. — Purpose  of  trips  and  travel  classified  for  day  of  week. 
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of  the  driver.  Also,  this  table  shows,  by 
occupational  groups,  the  proportion  of  travel 
performed  as  the  principal  operator  and  as 
other  than  the  principal  operator.  Skilled 
and  unskilled  laborers  (including  craftsmen, 
foremen,  and  operatives)  performed  one-third 
of  the  total  travel.  Persons  in  the  protective 
services,  traveling  salesmen,  military  per- 
sonnel, and  personal  service  workers  performed 
a  small  proportion  of  the  total  travel;  they 
also  accounted  for  only  a  small  proportion  of 
the  total  workers. 

Housewives  accounted  for  a  high  proportion 
of  driving  (40.2  percent)  in  automobiles  for 
which  they  were  not  reported  as  the  principal 
operators.  Farmers  and  farm  managers  and 
professional  and  semiprofessional  workers  also 
reported  that  a  high  proportion  of  their  driving 
was  done  in  vehicles  in  which  they  were  not 
reported  as  the  principal  operator. 


Trips  and  Travel  by  Day  of  Week 

The  average  one-way-trip  length  by  pas- 
senger cars  owned  by  residents  as  determined 
from  the  study  conducted  by  the  Census 
Bureau  for  Public  Roads  was  8.0  miles.  This 
finding  agrees  with  similar  data  developed 
from  State  motor-vehicle-use  studies.  The 
tabulations  prepared  by  the  Census  Bureau 
give  data  showing  trips  and  travel  for  each 
day  of  the  week.  Table  18  shows  that  trips 
made  on  weekdays  for  all  purposes  combined 
were  shorter  than  trips  made  on  weekends. 
Length  of  trips  made  on  weekdays  averaged 
7.0  to  7.8  miles,  trips  made  on  Saturdays 
averaged  8.3  miles,  and  trips  made  on  Sundays 
averaged  10.6  miles.  Sunday  trips  made  for 
purposes  of  earning  a  living  and  for  social  and 
recreational  purposes  tended  to  be  longer  than 


trips  made  for  the  same  purposes  on  other 
days.  For  example,  persons  who  made  trips 
to  and  from  work  on  Sundays  drove  an  average 
of  8.1  miles,  as  compared  with  from  7.0  to 
7.4  miles  on  weekdays  and  6.3  miles  on 
Saturdays. 

Table  19  and  figure  11  show  the  distribution 
of  all  trips  and  travel  by  the  day  of  week  for 
selected  purposes  of  travel.  The  highest 
proportion  of  all  trips  was  made  on  Fridays 
and  the  highest  proportion  of  all  travel  on 
Sundays.  There  were  wide  variations  in  the 
distribution  of  trips  and  travel  by  day  of 
week.  The  lowest  proportion  of  all  trips 
related  to  earning  a  living  or  family  business 
was  made  on  Sundays.  The  highest  propor- 
tion of  all  trips  and  travel  related  to  earning  a 
living  was  made  on  Mondays,  the  next  higher 
proportion  being  reported  on  Fridays. 

Although  many  persons  do  shop  during  the 
weekdays,  approximately  30  percent  of  all 
trips  and  travel  for  shopping  are  made  on 
Saturdays.  Because  many  stores  are  open  at 
least  some  evenings  during  the  week,  it 
might  be  anticipated  that  a  smaller  propor- 
tion of  trips  and  travel  for  shopping 
would  be  made  on  Saturday.  One  possible 
reason  for  the  large  number  of  shopping  trips 
on  Saturdays  may  be  that  many  workers  are 
paid  on  Fridays  and  Saturdays.  Also,  it  is 
possible  that  the  type  of  shopping  done  on 
Saturdays  may  be  different  from  that  done 
on  the  weekday  shopping  trips. 

More  than  38  percent  of  all  trips  and  almost 
32  percent  of  all  travel  for  educational,  civic, 
and  religious  purposes  were  made  on  Sunday. 
This  naturally  follows  as  Sunday  is  the 
principal  day  for  trips  to  church.  However, 
it  would  be  expected  that  trips  and  travel 
performed  for  civic  and  educational  purposes 


would  bulk  large  on  weekdays  and  would 
1  to  pull  these  percentages  clown.  Sunday 
was  also  the  most  popular  day  for  social  and 
recreational  trips;  28  percent  of  all  such  trips 
and  39  percent  of  all  such  travel  were  made 
on  this  day. 
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Introduction 

IN  1939  AXD  again  in  1944,  the  Bureau  of 
Public  Roads  reported  to  the  Congress  the 
need  for  a  special  system  of  interregional  high- 
ways and  the  necessary  connections  through 
and  around  cities.  Legislation  passed  in  1944 
authorized  such  a  System  and  legislative  acts 
of  1956  and  following  years  have  assured  the 
construction  of  this  system,  a  41,000-mile  net- 
work, commonly  called  the  Interstate  System. 

The  need  for  this  System  has  been  expressed 
in  terms  of  social,  economic,  and  defense 
benefits.  In  addition,  it  has  been  estimated 
by  different  sources  that  completion  of  the 
Interstate  System  would  save  from  5,000  to 
9,000  lives  a  year.1  Accident  data  are  cur- 
rently being  collected  by  a  number  of  Stati  - 
in  a  study  designed  to  measure  the  actual 
safety  benefits  that  can  be  attributed  to  the 
completion  of  portions  of  this  system.  Acci- 
dent experience  on  the  Interstate  System  is 
\being  compared  with  accident  experience  on 
nearby  highways,  hereafter  referred  to  as 
"existing  highways,"  that  Interstate  System 
traffic  formerly  had  to  traverse.  For  brevity, 
references  to  data  collected  prior  to  construc- 
tion of  the  Interstate  System  are  labeled 
"before"  and  data  collected  after  its  construc- 
tion "after."  When  Interstate  and  existing 
highway  "after"  data  are  combined,  reference 
is  made  to  the  Interstate  corridor. 

This  article,  which  is  introductory  in  scope, 
describes  the  study  techniques  and  summarizes 
the  findings  based  on  data  collected  for  1,130 
miles  of  the  Interstate  System  and  1,000  miles 
of  existing  highways.  As  additional  data  are 
collected,  more  extensive  analyses  will  lie 
made  and  additional  reports  will  be  prepared. 
Plans  for  future  reports  include  a  more  de- 
tailed examination  of  property  damage  costs 
associated  with  accidents  occurring  on  each 
highway  system  and  the  interaction  of  differ- 
ent design  and  traffic  variables. 

Summary 

The  following  paragraphs  contain  a  sum- 
mary of  the  principal  findings  from  the  first 
group  of  data  collected  in  the  Interstate 
System  Accident  Research  Study. 

.  On  the  average,  accident  rates  on  the 
Interstate    System    were    slightly    more    than 


i  Future  Highways  mul  Urban  drouth,  by  Wilbur  Smith 
&  Associates  under  commission  from  the  Automobile  Manu- 
facturers Association.  Feb.  1961,  p.  vii.  Life  Saving  Bene- 
fits of  the  Interstate  System,  Iw  Charles  W.  Prisk.  Puplic 
Roads,  vol.  31,  No.  11,  Dee.  1961,  pp.  219-220. 
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This  article  reports  the  initial  findings  of  a  study  comparing  the  traffic  accident 
experience  on  completed  portions  of  the  Interstate  Highway  System  with  that 
on  nearby  highways,  which  formerly  carried  the  largest  percentage  of  interstate 
traffic.  Included  are  data  from  16  States  for  more  than  1,000  miles  of  both 
Interstate  System  and  nearby  highways. 

Results  of  the  comparison  shoiv  that  accident  rates  on  the  Interstate  System 
are  about  half  as  great  as  those  on  nearby  highivays  and  injury  and  fa  tali ty 
rates  are  about  one-third  as  great.  Data  also  show  that  the  Interstate  Highivay 
System  produced  the  greatest  tiet  reduction  in  accident  rates  in  the  more  densely 
populated  areas  and  the  greatest  reduction  in  fatality  rates  in  rural  areas.  As 
these  areas  normally  have,  respectively,  the  highest  accident  and  fatality  rates, 
the  safety  benefits  of  the  Interstate  Highway  System,  in  terms  of  accident  and 
fatality  reductions  are  greatest  where  the  need  is  greatest. 

A  preliminary  estimate  has  been  made  that  8,000  lives  a  year  may  be  saved 
upon  completion  of  the  Interstate  Highivay  System.  The  article  emphasises 
that  this  estimate  is  preliminary  and  is  based  on  limited  data. 

Information  collected  on  the  effect  of  traffic  volume,  an  analysis  by  manner  of 
collisions,  and  the  importance  of  access  control  also  are  sunimarizeil  in  this 
article. 


one-half  those  on  nearby  existing  highways, 
either  before  or  after  the  Interstate  System 
was  opened  to  traffic. 

.  Injury  and  fatality  rates  on  the  Inter- 
state System  were  slightly  more  than  one- 
third  as  great  as  those  on  existing  highways. 

.  The  accident  and  injury  rates  on  the 
existing  highways  did  not  change  much  after 
the  Interstate  System  was  opened  and  some 
traffic  was  diverted  from  these  highways  to 
the  Interstate  System.  However,  fatality 
rates  on  existing  highways  in  rural  areas 
declined  by  more  than  one-half  after  opening 
of  the  Interstate  System. 

.  The  more  densely  populated  urban  areas 
had  the  greatest  net  reduction  in  accident  and 
injury  rates,  as  shown  in  the  comparison  of 
existing  highways  "before"  and  the  Interstate 
corridor.  Also,  the  net  reduction  in  injury 
rates  for  rural  areas  followed  closely  that  of 
the  highly  urbanized  areas.  Fatality  rates  in 
rural  areas  were  reduced  by  71*  percent  as 
compared  with  24  percent  for  urban  areas. 

.  The  accident  rate  generally  increased  as 
traffic  volume  increased;  this  trend  was 
particularly  evident  for  existing  highways. 

.  As  expected,  head-on,  opposite-direction 
sideswipes,  angle,  and  pedestrian  collisions 
were  nearly  eliminated  on  Interstate  high- 
ways. About  one-third  of  all  collisions  on 
these  highways  were  of  the  rear-end  or  same 
direction  sideswipe  types,  and  nearly  all  of  the 
remaining  accidents  involved  only  a  single 
vehicle. 

.  Although  control  of  access  is  the  most 
important  single  factor  contributing  to  the 
excellent  safety  record  of  the  Interstate  Sys- 
tem, there  is  an  indication  that  other  elements 


of  modern  highway  design,  such  as  wide 
medians,  easy  curvature  and  gradient,  and 
long  sight  distances,  are  also  important. 

Study  Techniques 

In  May  1960,  all  States  except  Alaska, 
which  had  no  Interstate  System  mileage,  were 
invited  to  participate  in  an  accident  study 
designed  to  measure  the  safety  benefits  that 
construction  of  the  Interstate  System  would 
provide.  Up  to  the  present  time,  43  States 
have  indicated  that  they  will  participate  in 
this  research  study,  and  36  States  are  already 
collecting  data.  This  article  presents  an 
analysis  of  the  accident  data  compiled  by  the 
16  States  shown  in  figure  1.  As  of  the  closing 
date  selected  for  summarizing  the  data,  these 
States  had  advanced  their  studies  sufficiently 
to  permit  at  least  a  limited  analysis.  Even- 
tually, it  is  expected  that  much  of  the  Inter- 
state System  mileage  plus  an  equivalent 
mileage  of  existing  highways  will  be  included 
in  the  study. 

Study  Sections 

Mileage  on  three  types  of  highways  was 
included  in  this  study  of  highways:  Inter- 
state, existing,  and  control.  Existing  high- 
ways are  those  highways  within  the  Interstate 
System  corridors  that  formerly  carried  the 
greatest  proportion  of  the  present  Interstate 
traffic.  Figure  2  illustrates  Interstate  and 
existing  highway  study  sections  in  Iowa. 

Whenever  an  Interstate  highway  replaced 
an  existing  highway  on  the  same  location,  an 
effort  was  made  to  select  a  control  highway  for 
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Table  1.— Number  of  study  sections  included  in  the  analysis,  length  of  study  sections,  aud  vehicle-miles  of  travel,  by  State  and  type  of 

highway 


Types  of  highways 

Arizona 

Florida 

Georgia 

Indi- 
an : 

Iowa 

Kansas 

Minne- 
sota 

Mis- 
souri 

New 
Mexico 

New 
York 

North 
Dakota 

Rhode 

Island 

Utah 

Ver- 
mont 

Vir- 
ginia 

Wyo- 
ming 

Total 

Existing  highways  "before": 

Number  of  studv  sections 

Length  of  sections miles.. 

Vehicle-miles ..100,000.. 

6 
68.0 
1.440 

6 
69.3 
1,318 

6 

69.3 

793 

6 

68.0 

809 

8 

22.5 

716 

8 
22.  5 
490 

9 

21.3 

513 

(') 

(») 

0) 

8 

35.2 

4,453 

5 
32.2 
8,294 

1 
5.2 

1,849 

2 
11.7 

310 

2 
13.4 

340 

2 
11.7 
477 

1 
6.4 
806 

22 

67    7 

2, 513 

22 
67.7 
472 

2 

27.6 

208 

3 
24.7 
298 

7 
59.1 
1.399 

5 
39.  2 
335 

7 
59.1 
626 

1 
8.2 
293 

1 

8.2 
87 

1 
8.0 
248 

4 
25.3 
1,663 

4 

25.1 

729 

4 
29.6 
1,575 

35 
248.4 
10, 167 

5 

29.0 

53 

7 
33.5 

1.717 

7 
33.5 
1,383 

9 
52.5 
1,054 

26 
195.9 
8,213 

114 
340.8 
13,  645 

139 

424.7 

29,  692 

13 
130.8 
9,013 

23 
310.1 
50,  579 

32.  8 

663 

6 

30.6 

93 

1 

2.5 
12 

1 
2.5 
1.3 

6 
30.  6 

587 

4 
19.1 
714 

4 
19.1 
412 

2 
8.1 
234 

1 
9.4 
755 

2 

16.8 

2,122 

1 
8.2 

2S7 

1 
9.0 
171 

1 
9.0 
36 

2 
16.9 

478 

1 

7.9 

87 

1 

7.9 

S7 

1 
7.5 
140 

8 

11.  1 
420 

8 
11.1 
270 

2 
12.2 

174 

8 
61.1 

1,143 

4 
11.  1 
119 

8 

61.7 

505 

229 
1.000.5 
37.301 

-'IS 

753.(1 
37,919 

15 
114.3 
3,  218 

15 
114.3 
2,  225 

65 

493.1 
15,587 

38 
401.2 
60,  733 

31 
235.  2 
11,115 

Existing  highways  "after": 

Control  highways  "before": 
Number  of  study  sections 

Vehicle-miles                100,000 

Control  highways  "after": 
Number  of  study  sections 

Vehicle-miles 100,000.. 

Interstate  highways,  type  5:  2 

Number  of  study  sections 

Length  Of  sections miles.. 

Interstate  highways,  type  6:  3 

Number  of  study  sections 

Length  of  sections          .miles.. 
Vehicie-miies 100,000. 

Interstate  highways,  type  7:  « 

Number  of  study  sections 

Length  of  sections miles  . 

Vehicle-miles 100,000.. 

1  Interstate  System  study  sections  were,  opened  to  traffic  in  1958.  No  information  is  pre- 
sented for  comparable  existing  "before"  study  sections  because  accident  data  were  not  avail- 
able prior  to  1958. 

2  Study  sections  were  fully  improved  to  Interstate  standards.  Data  included  on  sections 
in  which  the  roadway,  structures,  ramps,  guardrails,  etc.,  were  accepted  from  the  contractor 
by  the  State  and  opened  to  traffic.  Such  work  as  seeding,  signing,  striping,  and  other  minor 
items  may  or  may  not  havebeen  completed. 


3  Study  sections  include  highways  that  were  under  construction  or  completed  before  July  1, 
1956.  Such  facilities  may  have  substandard  shoulders,  ramps,  median,  or  other  character- 
istics that  may  or  may  not  be  scheduled  for  improvement  under  the  current  Interstate 
program. 

i  Study  sections  include  highways  that  had  some  minor  at-grade  intersections.  Facilities 
were  not  in  accordance  with  AASHO  Geometric  Design  Standards  for  the  National  System 
of  Interstate  and  Defense  Highways. 


Figure  1.— Mileage  of  highway  sections  included  in  study.     (Existing  "before"  plus  Interstate.) 
PUBLIC  ROADS  •  Vol.  32,  No.  11 


257 


study.  Control  highways  arc  those  routes 
in  reasonable  proximity  to  the  obliterated 
highways  that  have  design,  roadside  develop- 
ment, and  average  daily  travel  character- 
istics similar-  to  the  replaced  sections.  All 
three  types  of  highways  were  divided  into 
study  sections  for  purposes  of  analysis.  These 
sections  were  homogeneous  with  respect  to 
average  daily  traffic,  roadside  development, 
type  of  area,  and  number  of  traffic  lanes. 

Table  1  shows  the  number  of  study  sections, 
their  length,  and  vehicle-miles  of  travel 
applicable  to  the  study  sections  for  each  of 
the  10  States  for  which  data  are  analyzed  in 
this  article.  Travel  data  are  the  summation 
of  vehicle-miles  applicable  to  all  study  sections 
for  a  different,  number  of  years  before  or  after 
the  opening  of  Interstate  System  sections.  A 
total  of  1,000  miles  of  existing  highways,  114 
miles  of  control  highways,  and  1,130  miles  of 
Interstate  highways  constituted  tin  lengths 
of  sections  under  study.  A  more  general 
geographical  distribution  of  study  section 
mileages  would  have  been  desirable  in  this 
analysis,  as  the  findings  were  influenced  con- 
siderably by  data  compiled  in  two  States — 
New  Mexico  and  New  York. 

Figure  3  is  a  facsimile  of  the  form  used  by 
the  States  in  compiling  all  of  the  basic  infor- 
mation for  the  study.  One  year  of  data  for 
each  study  section  was  recorded  on  the  form. 

Highway  Da  I  a 

The  highway  data  collected  for  each  study 
section  consisted  of  length  of  section,  degree 
of  access  control,  roadside  development,  num- 
ber of  at-grade  intersections,  type  of  area,  and 
type  of  highway  as  shown  in  items  6-10  of 
figure  3.  The  length  for  each  section  was  de- 
termined to  the  nearest  one-tenth  mile 
through  the  use  of  "as-built"  construction 
plans,  road  mileage  logs,  or  odometer  readings. 

Traffic  Data 

Average  daily  traffic  volumes  were  deter- 
mined for  each  study  section  by  one  of  the 
following  described  methods:  (I)  one  con- 
tinuous 24-,  48-,  or  96-hour  count;  (2)  four 
continuous  24-hour  counts  taken  at  four 
different  times  during  the  year;  or  (3)  one 
continuous  7-day  count  plus  one  24-hour 
count  at  another  time  of  the  year.  In  the 
first  method,  a  section's  average  daily  traffic 
was  determined  to  the  nearest  100  vehicles  by 
adjusting  the  measured  volumes  for  seasonal 
and  daily  variations  through  control  station 
counts.  When  either  of  the  other  two  meth- 
ods were  employed,  average  daily  traffic  was 
determined  to  the  nearest  100  vehicles  by  an 
averaging  process  of  the  measured  volumes. 

The  data  from  regular  traffic  counting  pro- 
grams were  utilized  to  the  extent  possible. 
Where  the  regular  counting  programs  did  not 
meet  the  ]•('(]  111  roll  lent  s  of  the  study  or  no 
counting  programs  were  in  progress,  special 
counts  had  to  bo  made.  The  scope  of  the 
traffic  counting  operation  may  be  reduced  in 
the  future  when  data  on  seasonal  fluctuations 
and  general  trends  appear  to  be  fairly  well 
established. 
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Figure  2. — Illustration  of  Interstate  System  and  existing  parallel 
highway  study  sections  (encircled)  in  Iowa.  (Broken  lines 
indicate  proposed  locution  of  Interstate  System.) 
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Accident  Data 

Wherever  possible,  accident  and  related 
data  were  obtained  for  existing  highways  4  to 
6  years  before  the  opening  of  the  Interstate 
highway.  Accident  data  obtained  for  each 
study  section  included  the  total  number  of 
accidents  reported  to  State  or  local  authori- 
ties, number  of  persons  injured,  number  of 
persons  killed,  and  estimated  costs  of  property 
damage.  The  number  of  accidents  reported 
were  distributed  by  types  of  collision.  Acci- 
dents that  occurred  at  intersections  (at  grade) 
and  interchanges,  on  frontage  roads,  and  on 
Interstate  grade-separated  crossroads  not 
having  interchanges  were  included  in  the 
study.  At  interchanges,  crossroad  accidents 
were  included  if  they  occurred  within  the 
limits  of  100  feet  "outboard7'  of  the  ramp 
terminals.  On  Interstate  grade-separated 
crossroads  not  having  interchanges,  accidents 
were  included  when  they  occurred  within  100 
feet  of  the  structure  or  on  the  structure.  The 
different  subgroupings  of  estimated  property 
damage  costs  and  types  of  collisions  are  shown 
as  items  13  and  16  of  figure  3.  Most  accident 
data  were  obtained  from  the  States'  central 
accident     record     files.     Depending     on     the 


State,  these  files  are  maintained  by  the  State 
highway  patrol,  the  State  records  division,  or 
a  State  agency  or  department  of  motor 
vehicles,  public  safety,  law  enforcement,  or 
revenue.  Other  accident  data  were  obtained 
from  records  of  the  city  police,  county  sheriff 
offices,  and  toll  authorities. 

Accident  data  are  being  collected  for  all 
study  sections  on  a  continuing  basis.  Analyses 
of  these  accident  data  will  help  to  define 
possible  trends  that  may  develop  as  adjacent 
sections  of  the  Interstate  System  are  com 
pleted  and  traffic  volumes  increase. 

Property  Damage  Costs 

All  accidents  for  each  study  section  were 
classified  into  one  of  four  categories,  basec 
on  property  damage  cost  information  shown 
on  accident  records  of  State  or  local  author! 
ties:  (1)  less  than  $100,  (2)  $100  to  $499,  (3) 
$500  or  over,  and  (4)  property  damage  cost 
not  known. 

Analysis  of  Data 

The  data  lent  itself  to  two  general  types  ol 
analysis:  group  and  individual.     In  the  grou) 


Table  2. — Comparison  of  accidents,  injuries,  and  fatalities  occurring  on  existing  highways- 
"before"  and  "■after,"'  with  those  on  Interstate  highways. 


Itriii  of  comparison 

Existing  highways 

Interstate 

highways 

only 

Interstate 

highways 

plus  existing 

highways 

"afler" 

"Before" 

"After" 

Number  of  accidents      ..  .     .           .  

8,892 

3,  730 

238 

9,881 

3.  792 

261 

23 

9.7 

5,  372 

142 

9 

6.  8 

193 

5.1 
-4.6 

-47.4 

11,  829 

S,  744 

135 

-103 

-43.3 

4,343 

50 

-S3 

-62.4 

247 

2.8 

-6.9 

-71.1 

21,710 
12,  536 

173 

-05 

-27.3 

9,715 

78 

-55 

-41.4 

440 

3.5 

-0.2 

-63.9 

Vehicle-miles .__  _    ..millions 

Accidents  per  100  million  vehicle-miles 

Difference  in  accident  rates  '     - . 

Percentage  change  in  accident  rates  ' 

Number  of  injuries 

4,968 
133 

Injuries  per  100  million  vehicle-miles 

Difference  in  injury  rates  ' . 

Percentage  change  in  injury  rales  ' 

Number  of  fatalities .__   _ _. 

362 
9.7 

Fatalit ies  per  loo  million  vehicle-miles ... 

Difference  m  fatality  rates  l- 

Percentage  change  in  fatality  rates  '... 

1  Numerical  difference  or  percentage  change  in  rates  when  compared  to  existing  highways  "before." 
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analysis,  comparisons  of  accident  data  were 
made  between  highway  sections  having 
similar  traffic  volumes.  For  example,  acci- 
dents on  existing  highway  sections  having 
traffic  volumes  between  4,000  and  8,000 
vehicles  per  day  were  compared  with  those 
on  Interstate  sections,  regardless  of  location, 
which  carried  similar  traffic  volumes.  For 
the  individual  analysis,  comparisons  wire 
made  only  on  accident  data  collected  for 
existing  highways  and  the  nearby  Interstate 
study  sections.  For  example,  accidents  on 
existing  highway  sections  were  compared 
with  those  on  parallel  Interstate  sections 
regardless  of  the  design  characteristics  of 
tin'  two  types  of  highways. 

Within  the  two  types  of  analysis,  accident 
rate  comparisons  were  possible  for  (1)  exist- 
ing highway  sections  "before"  compared  with 
Interstate  System  sections;  (2)  existing 
highway  sections  "before"  compared  with 
existing  highway  sections  "after";  and  (3) 
existing  highway  sections  "before"  compared 
with  Interstate  plus  existing  highway  sections 
"after."  When  sufficient  control  section 
data  are  obtained,  a  comparison  can  be  made 
between  accidents  on  control  highway  sections 
and  existing  highway  sections  "before"  with 
accidents  on  control  highway  sections  "after" 
and  Interstate  System  sections.  All  of  the 
preceding  comparisons  were  included  in  the 
analysis  of  data  described  in  subsequent 
sections  of  this  article,  except  control  highway 
comparisons.  In  the  analysis  in  this  article, 
control  highway  section  data  were  reported 
by  only  4  of  the  16  States,  and  the  limited 
mileage  did  not  provide  a  basis  for  meaning- 
ful comparisons.  In  the  analysis  considera- 
tion was  given  to  such  variables  as  average 
daily  traffic  volume,  type  of  st  udy  area, 
degree  of  access  control,  number  of  traffic 
lanes,    and    types    of    accident    or    collision. 

Accident,  Injury,  and  Fatality  Rates 

In  table  2,  the  number  of  accidents  and  the 
number  of  persons  injured  and  killed  are  re- 
lated to  travel  on  the  basis  of  100  million 
vehicle-miles.  This  accident  rate  for  Inter- 
state highways  was  135  accidents  per  100 
million  vehicle-miles,  as  compared  to  238  and 
261  accidents  per  100  million  vehicle-miles 
respectively,  for  existing  highways  "before" 
and  existing  highways  "after."  Thus,  the 
accident  rates  on  Interstate  highways  were 
43  and  48  percent  below  those  of  the  existing 
highways  "before"  and  "after,"  respectively. 

Similar  comparisons  of  injury  and  fatality 
rates  show  even  greater  percentage  reductions 
in  these  rates  on  the  Interstate  highways. 
Fatality  rates  on  existing  highways  were  re- 
duced 47  percent  after  the  Interstate  highways 
were  opened  to  traffic.  The  rate  of  9.7 
fatalities  per  100  million  vehicle-miles  on 
existing  highways  "before"  was  nearly  double 
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Figure  3. — Form  used  in   tubulating  accident  data  for  each  study  section. 
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Table  3.— Mean  rates  and  ranges  in  rates  of  accident  occurrence,  based  on  2  methods  of       Table   4.— Standard   error   of   estimates    foi 

computation  comparisons  of  accidents  and  injury  rates 

by  years  and  accident  rates  by  average  daily 
traffic  volumes 


[tern  of  comparison 

Summation  method  > 

Average  method  2 

Existing  highways 

Interstate 

highways 

Existing  highways 

Interstate 
highways 

"Before" 

"After" 

"Before" 

"Alter" 

MEAN  RATE,  All.  STATES 

MEAN  RATE,  ALL  STT'DV  SECTIONS' 

Accidents  pel  100  million  vehicle-miles.-.  .. 

Injuries  per  100  million  vehicle-miles 

Fatalities  per  100  million  vehicle-miles 

238 
133 

9.7 

261 

142 
5.1 

135 

50 

2.8 

319 

174 
11.0 

344 
201 
9.3 

147 

62 

3.8 

RANCE  IN  RATES,  BY  STATE 

RANOE  IN  RATES,  BT  STUDY  SECTION 

Accidents  per  100  million  vehicle-miles.--    - 

Injuries  per  100  million  vehicle-miles   

Fatalities  per  100  million  vehicle-miles 

114-719 
82-347 
0-16.6 

115-819 
35-269 
0-18.9 

or,  jns 
36-143 
0-9.9 

0-3, 914 

0-2,  740 
0-    449 

0-3,  392 
0-2,  740 
0-     276 

0-1, 142 
0-     571 
0-      73 

i  Total  accidents,  injuries,  and  fatalities  occurring  on  each  type  of  highway  were  divided  by  total  travel  on  the  respective 
highways. 

-  Kates  were  determined  by  averaging  the  computed  rates  for  each  year  of  study  section  data. 


I  hat  of  tlic  national  average.  The  generally 
poor  performance  of  the  existing  highways 
undoubtedly  was  one  of  the  major  factors 
considered  in  the  early  scheduling  of  Inter- 
state System  construction. 

The  question  may  be  asked,  What  is  the 
total  benefit  in  terms  of  accident  reduction  in 
the  Interstate  System  corridor?  To  answer 
this  question,  the  number  of  accidents  oc- 
curring on  the  Interstate  System  and  on 
existing  highways  "after"  were  combined,  as 
shown  in  table  2.  Similarly,  the  vehicle-miles 
of  travel  were  combined  and  a  rate  computed. 
This  rate  of  173  accidents  per  100  million 
vehicle-miles  established  for  the  Interstate 
corridor  indicates  a  decrease  of  27  percent  or 
65  accidents  per  100  million  vehicle-miles  when 
compared  with  the  accident  rate  for  existing 
highways  "before."  In  other  words,  for  every 
100  million  miles  of  travel  in  the  Interstate 
System  corridor,  there  were  65  fewer  accidents 
than  there  would  have  been  in  the  same  cor- 
ridor if  the  Interstate  System  had  not  been 


built  and  if  all  travel  had  been  confined  to 
existing  highways.  The  foregoing  comparison 
assumes  that  the  accident  rate  on  existing 
highways  would  remain  constant  if  the  Inter- 
state System  were  not  built,  an  unlikely 
assumption  as  the  accident  rate  tends  to  in- 
crease with  increases  in  traffic  volumes  (figs. 
4  and  10). 

Kate  Calculation  Methods 

Two  approaches  were  used  in  calculating 
the  rates  for  accidents  and  injuries  and  fatali- 
ties. In  the  summation  method,  the  mean 
accident,  injury,  and  fatality  rates  were  com- 
puted by  dividing  total  accidents,  injuries, 
and  fatalities  occurring  on  each  type  of  high- 
way by  total  vehicle-miles  traveled  on  the 
respective  highways.  This  method  was  used 
in  determining  the  rates  shown  in  table  2. 
Readers  are  cautioned  against  general  appli- 
cation of  these  data  because  States  have  stud- 
ied only  a  limited  mileage.  Also,  a  multitude 
of  variables  were  present  in  each  of  the  com- 
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Figure  number  and  title 


Figure  5: 
Accident  rates  by  years 
before  and  after  open- 
ing   of   the    Interstate 
System 

Figure  5: 
Injury  rates  by  years  be- 
fore and  after  opening 
of  the   Interstate  Sys- 
tem   

Figure  10: 
Accident  rates  by  average 
daily  traffic  volumes 
before  and  after  open- 
ing of  the  Interstate 
System _. 


Standard  error  of 

estimate  (accidents  or 

injuries  per  KM)  million 

vehicle-miles) 


Exist- 

Exist- 

ing 
high- 
ways 
"be- 
fore" 

ing 
high- 
ways 
"after" 

19.2 

7.9 

5.5 

5.6 

118.4 

66.  3 

Inter- 
state 
Sys- 
tem 
high- 
ways 


3.6 


puted  rates,  such  as  average  daily  traffic  vol- 
umes, number  of  traffic  lanes,  rural-urban 
characteristics,  degree  of  access  control,  and 
roadside  development. 

In  the  average  method,  the  smallest  data 
breakdown  possible  was  employed  as  a  single 
observation;  that  is,  data  for  a  single  study 
section  for  1  year.  This  method  also  has  cer 
tain  limitations.  Although  study  sections  are 
located  in  similar  areas  and  have  similar  de 
sign  characteristics,  their  average  daily  traffic 
volumes  may  vary  throughout  the  year.  Fur 
thermore,  the  varying  amount  of  travel  on 
each  study  section  causes  an  imbalance  be 
tween  observations. 

As  indicated  in  table  3,  the  accident  rate  on 
the  Interstate  System  was  135  accidents  pei 
100  million  vehicle-miles.  This  rate  was  com- 
puted on  the  basis  of  total  accidents  and  total 
travel  on  all  Interstate  System  sections  (sum- 
mation method).  When  each  year  of  data 
for  each  study  section  of  the  Interstate  System 
was  treated  separately  and  the  individual  acci- 
dent rates  averaged,  the  resultant  accident 
rate  was  147  accidents  per  100  million  vehicle- 
miles  (average  method).  The  difference  in 
the  mean  accident  rates  for  the  preceding  ex- 
ample seems  relatively  small.  However,  if 
accidents  on  existing  highways  "before"  had 
been  selected  for  comparison,  the  difference 
would  have  been  considerably  greater. 

Statistical  reliability 


As  an  indication  of  the  limitations  of  both 
methods,  table  3  shows  the  range  of  accident 
rates  by  State  for  the  summation  method  of 
computation  and  the  range  of  rates  by  study 
section  for  the  average  method.     The  range  t 
of  rates  indicates  that   careful   consideration 
must  be  given  to  the  many  design  and  traffic ^ 
variables   present   for    the    different    highway , . 
types  before  generalizations  can  be  made  con- 
cerning accident  experience.    However,  on  the 
basis  of  the  mean  rates  and  statistical  signifi- 
cance curves,  a  logical  conclusion  is  that  the 
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Figure    5. — Accident    and    injury    rules,    by   years,  for    highway 
study  sections  before  and  after  opening  of  Interstate  System. 
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accident  rates  on  the  same  section  of  highway. 
However,  there  is  some  justification  for  their 
use  because  highways  of  the  Interstate  System 
corridor  carry  most  of  the  traffic  formerly 
carried  by  existing  highways  "before.'' 
Furthermore,  if  the  accident  rate  does  rise 
as  traffic  volumes  increase  to  the  highwi 
design  capacity,  as  shown  to  be  true  in  sub- 
sequent discussion  of  figure  10,  then  the 
combined  "after"  accident  data  on  the  Inter- 
state System  would  be  expected  to  be  on  the 
high  side.  As  shown  in  figure  4,  the  avail- 
ability of  Interstate  highways  has  generated 
additional  travel. 

Figure  -1  shows  an  upward  trend  in  average 
daily  traffic  volumes  on  the  existing  highways 
before  the  Interstate  highways  were  opened 
to  traffic.  This  growth  averaged  17  percent 
annually  in  the  2  years  before  the  opening 
of  the  Interstate  System  sections,  as  compared 
to  only  4  percent  each  year  for  highways, 
generally.  This  is  to  be  expected  because 
sections  selected  for  initial  Interstate  con- 
struction were  probably  those  indicating 
the  poorest  performance  because  of  traffic 
overloads. 

After  the  Interstate  System  was  opened 
to  traffic,  an  initial  drop  occurred  in  average 
daily  traffic  volumes  on  the  existing  highways, 
this    volume    changed    little    thereafter.     As 
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Igure  6.—  Accident  rates  by  type  of  area  and  class  of  highway       Figure   7.— Injury   rates   by    type  of  area   and   class   of  highway 
study  sections.  study  sections. 


pmbined  Interstate  System  and  existing  high- 
vays  "after"  are  safer  than  the  existing  high- 
ways "before."  3 

As  the  accident  and  injury  rates  on  the 
before"  and  "after"  sections  of  existing 
lighways  were  nearly  the  same,  all  the 
)enefits  of  accident  and  injury  reduction 
vere  traceable  to  the  use  of  Interstate  high- 
Fays.     A  Chi  Square  test  indicates  that  the 


Two  Simple  Techniques  for  Determining  the  Significance  of 
lecident-Reducing  Measures,  by  Richard  M.  Michaels 
'tjblic  Roads,  vol.  30,  No.  10  Oct.  1959,  pp.  238-239. 
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accident,  injury,  and  fatality  rates  for  the 
Interstate  corridor  were  significantly  lower 
that  the  rates  for  existing  highways  "before" 
at  the  5-percent  level  of  significance.  In 
contrast,  a  comparison  of  rates  for  the  existing 
"before"  and  existing  "after"  sections  by 
means  of  the  Chi  Square  test  curve  indicates 
that  only  the  fatality  rate  is  significantly 
different. 

Readers  may  well  question  the  use  of  the 
statistical  curves  developed  by  Michaels  as 
they  were  designed  to  test  before  and  after 


might  be  expected,  traffic  on  the  Interstate 
highways  increased  much  more  rapidly  in 
absolute  volumes  than  on  the  existing  high- 
ways before  the  Interstate  System  was  opened 
to  traffic.  Also  of  interest  is  the  growth  in 
traffic  in  the  Interstate  corridor;  that  is,  the 
combined  traffic  on  the  Interstate  highways 
and  on  the  existing  highways  "after.''  The 
absolute  yearly  increase  in  traffic  in  the 
Interstate  corridor  wa  greater  after  the 
Interstate  System  was  opened  to  traffic  than 
on  the  existing  highways  "before."     However, 
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Table  5.— Number  of  accidents,  injuries,  and  fatalities  before  and  after  the  opening  of  Interstate  System  study  sections,  by  type  of  ares 


Tj  pe  of  area  (population) 


Urban  places,  50,000  or  more 

(Jrban  places,  5,000-49,999 - 

Suburban  fringe,  places  of  50,000  or  more. 

Suburban  fringe,  places  under  50,000 

Urban  places,  under  5,000— - --. 

All  urban  places. 

Rural  areas .. 

Urban  places,  50,000  or  more 

Urban  places,  5,000-49,999 

Suburban  fringe,  places  of  50,000  or  more 

Suburban  fringe,  places  under  50,000 

Urban  places,  under  5,000—- 

All  urban  places 

Rural  areas 

Urban  areas 

Rural  areas— 


Existing  highways 


1  iviiin 


'After" 


Interstate 

System 

only 


Interstate 

System 

corridor  l 


NUMBER    OF  ACCIDENTS 


402 
1.245 

291 
1.353 

591 
3.882 

5,010 


2, 102 
1,475 
641 
1.586 
1,138 
6,  942 

2,939 


2.226 

708 

538 

759 

93 

4,324 

7,505 


4,328 
2, 183 
1,179 
2,345 
1,231 
11,266 

10,  444 


Existing  highways 


'Before" 


'After" 


Interstate 

System 

only 


Interstate 
System 
corridor  ' 


Reduction  ; 


Number 


Percent 


ACCIDENTS   PEB    100   MILLION    VEHICLE-MII ES 


181 


386 

505 

892 

805 

321 

289 

287 

239 

258 

242 

404 

355 

160 


213 
357 

91 
140 

74 
173 

120 


294 
572 
145 
195 
207 
253 

129 


320 

176 

92 

51 

151 


78.7 
35.9 
54.8 
32.1 
19.8 
37.4 

28.7 


lie 

its 


NUMBER    OF  INJURIES 


INJURIES   PER    100   MILLION   VEHICLE-MILES 


289 
146 
684 
368 
1,547 

3,421 


635 
562 
281 

1,266 
674 

3,418 

1,954 


708 
210 
217 
317 
48 
1,500 

2,843 


1,343 
772 
498 

1,583 
722 

4,918 

4,797 


123 


207 

152 

207 

307 

161 

126 

145 

191 

160 

143 

161 

175 

106 


106 
37 
59 
38 
60 


91 
202 

61 
131 
121 
110 


116 

56.0 

5 

2.4 

100 

62.1 

14 

9.7 

39 

24.4 

51 

31.7 

52.0 


NUMBER   OF   FATALITIES 


FATAIITIES   PER    100   MILLION   VEHICLE-MILES 


49 
313 


181 


173 
267 


5.1 
11.3 


5.5 
4.7 


3.9 
3.3 


1.2 

8.0 


23.5 
70.8 


i  Existing  highways  "after"  plus  Interstate  System. 

-  Existing  highways  "before"  rate  minus  Interstate  System  corridor  rate. 


the  percentage  increases  were  less,   ranging 
from  8  to  11  percent  each  year. 

Accident  Experience   by    Years 

In  any  attempt  to  predict  safety  benefits 
that  will  result  from  construction  of  the 
Interstate  System,  the  variation  in  accident 
and  injury  rates  over  time  must  be  considered 
for  the  different  types  of  highways.  Figure  5 
shows  the  accident  and  injury  rates  by  years 
for  each  of  the  highway  systems  included  in 
the  study.  Fatality  rates  are  not  shown 
accordingly  because  of  the  limited  fatality 
data  available. 


Table  6. — Comparison  of  the  effect  of  access 
control  on  accident  and  injury  rates  in 
urban   and  rural  areas,  from  2  studies 


Highway  access 
control 

Urban  anas 

Rural  areas 

Con- 
trol led- 
Access 

Study  i 

Inter- 

1   Mr 

System 
Acci- 
dent 
Study 

Con- 
trolled- 

Access 
Study  i 

Inter- 
state 
System 
Acci- 
dent 
Study 

ACCIDENTS   PER    100   MILLION   VEHICLE-MILES 

Full  control  of 

11  '  eSS 

186 
496 
526 

161 
264 
380 

151 
211 
322 

122 
94 
169 

Partial  control  of 
access 

No  control  of 

FATALITIES   PER    100   MILLION   VEHICLE-MILES 

Full  control  of 

2.0 
4.0 
4.0 

2.  5 

3.3 
5.5 

3.3 

0.1 

8.7 

2.3 
6.6 
8.4 

Part  ial  control  of 
access.. 

No  control  of 
access... 

i  Federal  Role  in  Highway  Safety,  House  Document  93,  86th 
Cong.,  1st  scss.,  1959,  p.  58. 
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Trend  lines  illustrated  in  figure  5  were 
developed  by  the  Least  Squares  method, 
assuming  a  straightline  trend.  It  is  recognized 
that  a  straight  line  of  regression  does  not 
always  satisfactorily  describe  accident  and 
injury  rate  trends.  However,  the  straightline 
relationship  appears  reasonable  because  of 
the  low  standard  errors  of  estimate  shown  in 
table  4  for  the  three  types  of  highways. 

The  accident  and  injury  trend  lines  in 
figure  5  reveal  relationships  described  in  the 
following  paragraphs : 

An  upward  trend  in  accident  rates  is  shown 
for  existing  highways  "before,"  but  the  injury 
rates  show  a  slight  decline.  Increasing  traffic 
congestion  and  corresponding  decreases  in 
average  speeds  may  have  accounted  for  the 
declining  injury  rate. 

After  the  opening  of  Interstate  highways, 
the  accident  rates  on  existing  highways 
"after"  declined  whereas  the  injury  rates 
increased. 

Most  noteworthy  are  the  lower  accident 
and  injury  rates  on  the  Interstate  System  as 
compared  to  those  on  existing  highways 
"before"  and  "after,"  and  the  declining  rates 
of  accidents  and  injuries  on  Interstate  high- 
ways in  the  years  following  the  opening  of 
these  facilities. 

To  determine  the  influence  of  certain  de- 
sign and  traffic  variables  on  accident  and 
injury  rates,  subsequent  sections  of  this 
article  are  devoted  to  accident  comparisons 
made  on  the  basis  of  type  of  area,  degree  of 
access  control,  and  average  daily  traffic 
volumes. 

Accident  and  Injury  Rates,  by  Type 
of  Area 

Accident  and  injury  rates  for  three  types  of 
highways  located  in  urban  places  of  different 


population  sizes  and  in  rural  areas  are  shown 
in  figures  6-7.  Both  accident  and  injury 
rates  for  Interstate  System  highways  were 
lower  than  those  for  existing  highways  in 
rural  areas  and  in  urban  areas,  regardless  oi 
the  population  size  of  urban  places.  Accident 
rates  were  also  less  for  the  existing  highways 
after  the  Interstate  highways  were  opened  to 
traffic.  Injury  rates  declined  on  existing 
highways  after  construction  of  Interstate 
routes,  except  in  urban  places  having  popula 
tions  from  5,000  to  50,000;  no  reason  is  ap- 
parent for  the  increase  in  injury  rates  in 
these  places. 


POPULATION 
GROUP 


50,000 
OR  MORE 


5,000 

TO 

50,000 


LESS  THAN 
5,000 


CENTRAL    CITIES 


1092 


116 


51 
39 
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Reduction  In  Accidents  And  Injuries  Per  100  Million 
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Figure  8. — Reduction  in  accident  and  in- 
jury rates,  by  type  of  area,  after  Interstate 
System  study  sections  were  opened  to 
traffic. 
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The  reduction  in  accident  and  injury  rates 
brought  about  by  the  construction  of  Inter- 
state System  highways  is  evident  when  the 
rates  for  existing  highways  "before"  are  com- 
pared with  those  for  the  Interstate  corridor 
(Interstate  highways  plus  existing  highways 
"after").  Such  a  comparison  is  given  in 
table  5.  The  numerical  values  in  figure  8 
represent  the  reduction,  after  the  Interstate 
highways  were  built,  in  accidents  and  injuries 
per  100  million  vehicle-miles  of  travel.  The 
greater  the  population  density,  the  greater 
the  benefits  in  accident  reduction.  Injury 
rate  reductions  were  greatest  in  the  large 
metropolitan  areas  and  in  rural  areas.  The 
beneficial  effects  that  Interstate  construction 
had  on  the  fatality  rates  are  also  shown  in 
table  5.  In  rural  areas,  fatality  rates  dropped 
from  11.3  to  3.3,  a  reduction  of  8.0  fatalities 
per  100  million  vehicle-miles.  In  urban 
areas,  the  net  reduction  was  1.2  fatalities  per 
100  million  vehicle-miles. 

On  the  basis  of  data  collected  in  this  study, 
valid  estimates  cannot  be  made  as  to  the  pos- 
sible number  of  lives  that  will  be  saved  when 
the  Interstate  System  is  completed.  The  re- 
liability of  these  data  is  questioned  because 
sections  of  the  Interstate  may  have  been  pro- 
gramed for  early  construction  in  areas  where 
existing  highways  had  poorest  performance 
and  high  fatality  rates.  Preliminary  but  un- 
published data  for  26  States  and  the  District 
of  Columbia  collected  for  the  "Interstate 
System  Traveled- Way  Study"  tend  to  support 
these  conclusions  on  Interstate  programing. 
This  latter  study  is  a  cooperative  undertaking 
of  all  State  highway  departments  and  the 
Bureau  of  Public  Roads.  Data  collected  for 
'the  study  reported  here  and  the  traveled- 
way  study  are  compared  in  the  following 
paragraphs. 

In  the  present  study,  the  fatality  rates  for 

1.000  miles  of  existing  highways  "before"  were 

5.1  deaths  per  100  million  vehicle-miles  in 
urban  areas  and  11.3  in  rural  areas.  All  of 
this  mileage  has  now  been  superseded  by 
Interstate  System  improvements.  In  the 
traveled-way  study,  17,000  miles  of  highways 
planned  to  be  relieved  of  traffic  by  future 
Interstate  construction  had  comparable  fa- 
tality rates  of  3.7  deaths  per  100  million 
vehicle-miles  in  urban  areas  and  7.0  in  rural 
areas.  By  combining  the  data  from  the  two 
studies,  preliminary  estimates  of  the  number 
of  lives  that  may  be  saved  upon  completion 
pf  the  Interstate  System  in  1972  may  be 
developed. 


Fatality  Rates 


Urban  Rural 


Existing  highways  "before" 
(2  studies  combined)  .    . 

Interstate  System  corri- 
dor (current  study  only, 
see  table  5) 

Reduction     in     fatality 
rates 


4.  1 


3.  9 


0.  2 


8.  1 


3.3 


4.  8 


The   fatality    rates   for    existing   highwaj  - 
"before"  are  based  on  the  assumption  that: 

PUBLIC  ROADS  •  Vol.  32,  No.  11 


ACCIDENTS 


INJURIES 


100  200  JOO  400  100  200 

NUMBER     PER    100    MILLION    VEHICLE-MILES 


FATALITIES 


NUMBER    PER  100   MILLION  VEHICLE-MILES 
EJ  EXISTING    HIGHWAYS   "BEFORE"  □EXISTING     HIGHWAYS   "AFTER"  [gj  INTERSTATE      SYSTEM 

Figure  9. — Accident,  injury,  and  futility  rates  by  class  of  highway 
within  urban  and  rural  areas. 


the  rates  obtained  in  the  study  reported  here 
were  representative  of  the  first  one-quarter  of 
the  existing  mileage  programed  for  construc- 
tion, and  the  fatality  rates  obtained  in  the 
traveled-way  study  were  representative  of  the 
remaining  mileage  of  existing  highways. 
Thus,  the  rates  for  the  current  study  were 
given  a  weight  of  unity;  and  the  traveled-way 
study,  a  weight  of  three. 


Annual  travel  on  the  Interstate  System  at 
its  completion  in  1972  is  estimated  to  be  240 
billion  vehicle-miles  and  total  travel  in  the 
Interstate  corridor  is  estimated  at  300  billion 
vehicle-miles.  During  1972,  travel  in  the 
Interstate  System  corridor  has  been  esti- 
mated, in  the  Highway  Cost  Allocation  Study, 
at  approximately  64  percent  rural  and  36 
percent     urban.     In     Future     Highways    and 


Table  7. — Number  of  accidents,  injuries,  and  fatalities  and  their  corresponding  rates  by 

type  of  highway  and  access  control 


Access  control  by  types  of  highways 


Accidents 


Number 


Number 
per  LOO  ' 
million 

vehicle- 
miles 


Injuries 


Number 


Number 
per  100 
million 

vehicle- 

miles 


Fatalities 


Numbei 


Number 
per  100 
million 
vehicle- 
miles 


RURAL  AREAS 


Full  control  of  access: 

In terstate  highways 

Existing  highways  "after" 
Existing  highways  "before 

Partial  control  of  aci  e 

Interstate  highways 

Existing  highways  "after" 

No  control  of  access: 

Interstate  highways 

Existing  highways  "alter" 
Existing  highways  "before 


6,502 

33 

5 


458 
30 


545 
2,  876 

5.  (105 


122 
140 


91 
231 


135 
160 
181 


2,187 
17 
3 


327 
23 


329 
1,914 

3,418 


41 

72 
(') 


65 

177 


81 
106 

123 


125 
..... 

32 


24 

84 
312 


2.3 


6  3 

(') 


5.9 
4.7 
11.3 


URBAN  AREAS,  LESS  THAN  50.00U  POPULATION 


Full  control  of  access: 
Interstate  highways -- 

No  control  of  access: 
Existing  highways  "after" 
Existing  highways  "before 


1,560 


4,199 
3,  189 


fsl 


319 
379 


2,502 

1,  341 


190 

160 


81 
45 


2.  S 


6.1 
5.4 


URBAN  AREAS,  50,000  OR  MORE   lOiriATION 


Full  control  of  access: 
Interstate  highways 

Partial  control  of  access: 

Interstate  high  ways 

Existing  highways  "after",. 

No  control  of  aci 
Existing  highways  "after".. 
Existing  highways  "befoi 


2,177 


587 
279 


2,  464 
693 


318 
194 


498 
579 


802 


123 
106 


SHI 
206 


164 

172 


34 


2.3 


0) 


4.6 


Too  few  accidents,  injuries,  or  fatalities  to  be  significant. 
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frowth,  it  was  estimated  that  40  per- 
nio  travel   in    the    Interstate  System 

dor  would  be  rural  and  60  percent  urban. 
The  differences  in  these  estimates  are  attrib- 
to  the  method  of  estimating.  For 
purposes  of  this  study,  it.  has  been  assumed 
thai  55  percent  of  the  Interstate  System  cor- 
ridor travel  during  1972  will  be  in  rural 
and  -1")  percent   in  urban  areas.      Appli- 

II  of  the  reduction  in  fatalities  (4.8 
rural  and  0.2  urban)  to  the  estimated  travel 
figures  shows  that  in  1972  approximately 
8,000  lives  may  he  saved  by  virtue  of  opera- 
tion of  the  Interstate  System.  It  should  be 
emphasized  that  the  estimate  of  lives  to  be 
saved  is  based  on  limited  data.  As  more 
information  becomes  available  from  the  two 
continuing  studies,  more  reliable  estimates 
will  be  possible.  Figure  9  illustrates  accident, 
injury,  and  fatality  rates  in  urban  and  rural 
areas  for  the  three  types  of  highways,  based 
on  the  current  analysis. 


Effect    of   Degree   of   Access    Control 


For  several  years  the  Bureau  of  Public 
Roads  has  been  conducting  studies  of  the 
effects  of  access  control  on  accidents  and 
fatalities.  Accident  and  fatality  rates  ob- 
tained for  the  controlled-access  study  and  the 
current  Interstate  System  accident  study 
are  shown  in  table  6.  The  results  of  both 
studies  definitely  demonstrate  that  full  con- 
trol of  access  should  be  used  wherever  possible 
to  minimize  accidents  and  resultant  fatalities. 
The  principal  difference  in  comparing  the 
data  for  the  two  studies  was  related  to  high- 
ways having  partial  control  of  access.  Find- 
ings of  the  controlled-access  study  indicated 
that  partial  access  control  on  highways  in 
urban  areas  contributed  little  in  safety 
benefits.  Interstate  System  study  shows  that 
both  accident  and  fatality  rates  for  highways 
having  partial  access  control  were  considerably 
below  the  rates  for  highways  having  no  access 
control.  The  differences  in  data  collected 
in  the  two  studies  may  have  been  the  result 
of  the  interpretation  as  to  what  constitutes 
partial  control  of  access.  In  subsequent 
reports  collected  for  this  study,  the  effect 
of  partial  control  of  access  will  be  considered 
in  more  detail. 

Accident,  injury,  and  fatality  rates,  dis- 
tributed on  the  basis  of  extent  of  access 
control  and  as  to  rural  or  urban  location,  are 
shown  in  table  7.  The  benefits  of  modern 
highway  design,  in  both  rural  and  urban 
areas,  are  plainly  evident  when  accident, 
injury,  and  futility  rates  for  highways  having 
full  control  of  access  are  compared  with 
those  having  no  control  of  access.  However, 
foj  accident  and  injury  rates,  greater  benefits 
accrue  to  fully  controlled-access  facilities 
located  in  urban  areas  than  those  in  rural 
areas,  fatality  rates  on  highways  having 
full  control  of  access  in  both  rural  and  urban 
were  considerably  below  those  for  high- 
ways that  had  no  control  of  access;  the  rate 
decreased  by  approximately  two-thirds  in 
rural  areas  and  about  one-half  in  urban  areas. 
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Table  8. — Number  of  accidents  and  accident  rates  before  and  after  the  opening  of  Inter 
Mute  System  study  sections,  by  type  of  highway  and  average  daily  traffic  volume 


Highway 


Accidents  and  accident  rates  for  highways  by  average  daily  traffic 
volumes— 


Under 
2,  000 


2,  000- 
:i !« in 


4,000- 
7.900 


8,000- 
15,  900 


16,  000- 
31.  900 


32,  000-         64,  000 
63, 900      and  more 


NUMBER    01''   ACCIDENTS 


2-lane  highways: 
Existing  highways  "before' 
Existing  highways  "after". 


3-lane  highways: 
Existing  highways  "before" 
Existing  highways  "after" 


4-lane  undivided  highways: 

Existing  highways  "before". 
Existing  highways  "after".. 


4-lane  divided  highways: 

Existing  highways  "before" _ 

Existing  highways  "after" 

Interstate  System  highways 


6-lane  divided  highways: 
Interstate  .System  only. 


122 
364 


50 
45 


2,  242 
701 


250 
395 


53 
166 


45 
198 
804 


1.929 
2,  600 


363 
198 


19* 
781 


120 

79 

3,807 


1,439 
1.367 


99 

28 


736 
1,159 


302 
4.  556 


1,  065 
29 


605 
16 


1,059 
271 


351 


ACCIDENTS  PER   100   MILLION   VEHICLE-MILES 


2-lane  highways: 
Existing  highways  "before" 
Existing  highways  "after"__ 

3-lane  highways: 
Existing  highways  "before". 
Existing  highways  "after".  _ 

4-lane  undivided  highways: 
Existing  highways  "before" . 
Existing  highways  "after".. 


4-lane  divided  highways: 
Existing  highways  "before". 
Existing  highways  "after". _ 
Interstate  System  highways - 

6dane  divided  highways: 
Interstate  System  only 


157 
276 

172 
181 

228 
201 

265 
294 

475 
196 

""l20" 

352 
188 

179 
288 

412 
566 

"316" 

294 
392 

472 
354 

353 
284 

241 

""ne" 

99 

157 
136 

108 

111 
188 
153 

244 
104 

161 
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Figure  10. — Accident  rates  by  average  daily  traffic  volumes  and 
class  of  highway  study  sections. 
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Table  9.— Comparison  of  accident  rates,  by  type  of  collision,  before  and  after  the  opening  of 

Interstate  System  study  sections 


Type  of  collision  or  accident 

Existing  highways, 
"before" 

Existing  highways, 
"after" 

Interstate  System 
highways 

Ratio 

(existing 

highways 

"before"-^ 

Interstate 

System 
highways) 

\rcldcllts 

per  100 
million 
vehicle- 
miles 

Percent 
of  total 

Accidents 
per  100 
million 
vehicle- 
miles 

Percent 
of  total 

Accidents 
per  100 
million 
vehicle- 
miles 

Percent 
of  total 

Collision: 
Head-on  or  sideswipe,  opposite  direc- 

34 
32 
4 
94 
37 

37 

238 

14 
13 
2 
39 
16 

16 

100 

24 
56 
6 
106 
51 

18 

261 

9 

21 
3 
41 
19 

7 

100 

1 

4 

1 

47 

49 

33 

135 

1 
3 

(') 
35 
36 

25 

100 

34.0:1 
8.0:1 
4.0:1 
2.0:1 
0.8:1 

1.1:1 

1.8:1 

Collision  with  pedestrian 

Rear-end  or  sideswipe,  same  direction.. 
Other 

i  Less  than  0.5  percent. 

Table  10. — Number  of  accidents  occurring  in  rural  and  urban  areas,  by  type  of  highway 

and  property  damage  cost  intervals 


Property  damage  cost 
intervals 

Existing  highways 

Interstate  System 

Interstate  System 

"Before" 

"After" 

only 

corridor  ' 

ACCIDENTS  IN  RURAL  AREAS 

Under  $100.. 

Number 

484 

2,152 

1,884 

490 

5,010 

Percent 

9.7 

42.9 

37.6 

9.8 

100.0 

Number 

367 

944 

505 

1, 123 

2,939 

/  V  in  Hi 
12.5 
32.1 
17.2 
38.2 

100.  0 

Number 

2,  041 

3,  432 
1,  962 

70 

7,505 

Percent 

27. 2 

45^7 

26.  2 

.9 

100.  0 

Number 
2,  408 
4,376 
2,  467 
1,193 

10,  444 

Percent 
23.1 
41.9 
23.6 
11.4 

100.0 

$100-$499 

$500  and  more 

TOTAL -      - 

ACCIDENTS  IN  URBAN  AREAS 

Under  $100 

861 

1,614 

612 

795 

3,882 

22.2 
41.6 
15.7 
20.5 

100.0 

1,019 

1,817 

679 

3,427 

6,942 

14.7 

26.2 

9.8 

49.3 

100.0 

725 

974 

469 

2,156 

4, 324 

16.8 
22.5 
10.8 
49.9 

100.  0 

1,744 
2,791 
1,148 
5,583 

11,  266 

15.5 
24.8 
10.2 
49.5 

100.0 

$100-$499                

$500  and  more 

'  Interstate  System  plus  existing  highways  "after." 
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Figure  11.— Accident  rates  by  type  of  accident  and  class  of  high- 
way study  section. 
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The  extent  to  which  access  to  highways  is 
controlled  is  perhaps  the  most  important 
gn  factor  in  terms  of  accident  reduction. 
However,  other  features  of  modern  design 
practices  are  also  important.  In  rural  areas, 
Interstate  highways  had  lower  accident  and 
injury  rates  than  existing  highways  "before" 
and  "after,"  regardless  of  the  degree  of  aca 
'  control.  This  finding  indicates  that  other 
design  features  such  as  wide  medians,  easy 
curvature  and  gradient,  and  long  sight  dis- 
tances may  have  also  contributed  to  the  im- 
proved safety  record  of  the  Interstate  System. 

In  initiating  construction  of  the  Interstate 
System,  the  States  have  concentrated  their 
efforts  in  different  areas.  Some  States  have 
constructed  their  initial  Interstate  System 
mileage  in  congested  metropolitan  areas, 
whereas  other  States  have  built  their  initial 
mileage  in  rural  areas.  But,  regardless  of  the 
type  of  area  in  which  the  Interstate  System 
is  constructed  safety  benefits  accrue.  The 
Interstate  System  is  particularly  effective  in 
reducing  the  frequencies  of  accidents  and 
injuries  in  highly  urbanized  areas  and  fatali- 
ties in  rural  areas. 

Although  type  of  area  and  control  of  access 
greatly  influence  incidence  of  accidents,  the 
ability  of  the  roadway  to  accommodate 
traffic  or  its  capacity  is  another  significant 
factor.  Two  variables  closely  associated 
with  capacity  are  averge  daily  traffic  volume 
and  type  of  highway;  that  is,  number  of 
traffic  lanes  and  whether  opposing  traffic  is 
separated  by  a  median.  Other  studies  3  have 
shown  a  definite  relationship  between  aver- 
age daily  traffic  volumes  and  accident  rates. 
The  study  reported  here  confirms  the  rela- 
tionship. Regardless  of  whether  average 
daily  traffic  volumes  are  considered  separately 
or  in  conjunction  with  types  of  highways,  the 
j  answer  is  the  same:  traffic  volumes  do  influ- 
ence* accident  rates. 

Tests  of  Independence  and  Linearity  of 
Regression  for  regression  coefficients,  accident 
rates  and  ADT,  were  made  for  each  of  the 
types  of  highways  shown  in  table  8.  In 
making  these  tests,  different  average  daily 
traffic  groups  were  used  from  those  shown  in 
the  table.  Average  daily  traffic  volumes  in 
intervals  of  2,000  vehicles  per  day  were  used 
in  the  tests:  0-2,000,  2,000-4,000,  4,000- 
6,000,  and  so  forth.  Results  of  the  tests  in- 
dicated that  accident  rates  were  dependent 
on  average  daily  traffic  volumes  for  all  types 
of  highways,  except  3-lane  existing  "be- 
fore" highways.  For  all  highway  types 
except  4-lane  undivided  existing  "before" 
4-lane  divided  existing  "after,"  and  6- 
lane  Interstate,  the  group  mean  accident 
rates  followed  a  straightline  relationship. 
No  attempt  was  made  to  determine  the   de- 


3  Effects  of  Average  Speed  and  Volume  on  Motor- \'ehicle 
Accidents  on  Two-Lane  Tangents,  by  D.  M.  Belmont.  High- 
way Research  Board  Proceedings,  1953,  vol.  32  p.  383-395. 
The  Interstate  Highway  Accident  study,  by  M.  S.  Raff, 
Public  Roads,  vol.  '-'7,  No.  8,  June  1953,  pp.  170-186.  The 
Influence  of  Major  Highway  Improvements  on  Traffic  Acci- 
dents, by  A.  H.  Vey,  Civil  Engineering,  vol.  7,  No.  3,  Mar. 
1937,  p.    213. 
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of    correlation    between    average    daily 
olumes  and  accident  rates  for  those 
highways  whose  rates  did  not  follow  a  straight- 
lini    trend. 

Figure  10  shows  the  relationship  between 
average  daily  traffic  and  accident  rates.  For 
each  of  the  three  systems,  existing  "before" 
;iinl  "after"  and  Interstate,  the  accident 
rate  increased  as  traffic  volumes  increased. 
The  graph  also  shows  that  as  the  traffic  vol- 
umes increased,  Interstate  safety  benefits 
also  increased,  as  measured  by  the  distance 
between  I  lie  trend  lines  of  existing  and  Inter- 
state highways.  This  relationship  is  particu- 
larly significant  in  that  the  accident  rates  for 
existing  highways,  as  derived  for  the  graph, 
included  many  highway  types — 2-lane 
3-lane,  and  4-lane  divided  and  undivided. 
Table  4  shows  the  standard  errors  of  estimate 
for  the  curves  illustrated  in  figure  10. 


Accidents  by  Type  of  Collision 

Three  types  of  collision — head-on,  opposite 
direction  sideswipe,  and  angle — are  practically 
eliminated  by  modern  design  standards  of  the 
Interstate  System.  This  finding  would  be 
expected  because  of  the  separation  of  opposing 
streams  of  traffic  and  the  grade  separation  of 
intersecting  highways.  Table  9  and  figure  11 
show  the  frequencies  of  accident  occurrence, 
by  type  of  collision,  for  existing  highways  and 
Interstate  highways. 


Accident  rates  for  rear-end  and  same  direc- 
tion sideswipe  collisions  on  Interstate  highways 
were  approximately  one-half  those  for  existing 
highways  "before"  and  "after."  Other  ac- 
cident rates  by  type  of  collision,  principally 
collision  with  fixed  objects  and  noncollision 
accident  rates,  were  similar  for  existing  high- 
ways and  Interstate  routes. 

Perhaps  the  most  meaningful  comparision  of 
accident,  rates,  by  type  of  collision  or  accident, 
for  Interstate  highways  with  those  for  existing 
highways  "before"  is  given  in  the  extreme 
right  column  of  table  9.  Ratios  provided 
therein  indicate  that  only  one  type  of  collision 
happened  on  Interstate  highways  more  fre- 
quently than  on  existing  highways  "before" — 
collisions  classed  as  "other."  The  latter 
classification  includes  principally  single-vehicle 
collisions  with  fixed  objects.  The  proportion 
of  angle  collisions  on  the  existing  highways 
increased  more  than  50  percent  after  the 
Interstate  System  was  opened  to  traffic. 
Conversely,  the  proportion  of  head-on  or 
sideswipe  (opposite  direction)  accidents  and 
the  proportion  of  noncollision  accidents  were 
reduced  by  approximately  one-half.  The 
diversion  of  through  traffic  to  the  Interstate 
System  may  have  influenced  these  changes  in 
accident  patterns   on  the  existing  highways. 

Property    Damage    Costs    Associated 
)f  ith  Accidents 

Accident  rates  on  the  Interstate  System  are 
much    lower    than    on    other    highways.     Al- 


though it  is  not  possible  to  make  precise  cosi 
comparisons,  the  evidence  does  indicate  thai 
property  damage  costs  for  accidents  or 
Interstate  highways  were  no  greater  thar 
those  on  existing  highways.  Table  10  sum- 
marizes property  damage  costs  data  obtainec 
in  the  study.  It  is  emphasized  that  data  or 
costs  other  than  property  damage  were  not 
obtained  in  this  study.  Moreover,  a  high 
proportion  of  the  property  damage  costs  were 
reported  as  "unknown." 


Future  Reports 


Kiev 
|eSt 
iven 
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As  more  study  data  are  collected,  further 
analyses  will  be  made  of  accidents  in  relation 
to  the  variables  being  studied:  average 
daily  traffic  volumes,  type  of  area,  degree 
of  access  control,  number  of  business  or 
commercial  establishments  per  mile,  num- 
ber of  at-grade  intersections  per  mile,  type  of 
collision,  and  property  damage  costs  per 
accident.  Such  analyses  will  include:  (1) 
correlations  of  two  or  more  of  the  variables; 
(2)  an  expansion  of  the  different  highway 
systems'  accident,  injury,  and  fatality  rate 
trends;  (3)  a  more  comprehensive  cost 
analysis  as  accident  cost  study  data  are 
refined;  (4)  development  of  accident,  injury, 
fatality,  and  cost  equations  in  conjunction 
with  future  travel  forecasts. 
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HIRM, 


NEW  PUBLICATIONS 


Highway  Bond  Financing   .    .    .   An  In   this    publication,    highway    debt    is    ex-  revenue  bonds  with  other  types  of  highway 

Analysis  1950-1962  amined  in  terms  of  its  magnitude,  its  relation  bonds;  specific   bond  financing  programs   de- 

to  other  types  of  debt,  and  its  comparative  veloped  in  selected  States;  resurgence  in  toll- 
costs  to  the  highway  user  by  means  of  guaran-  road  financing;  and  use  of  the  authority  device 
Highway  Bond  Financing  .  .  .  An  Analysis  teed  or  revenue  bond  financing  The  effects  to  finance  toll-free  highway  programs. 
1950-1962,  a  45-page  publication  in  which  are  of  constitutional  limitations  upon  creation  The  conclusion  points  out  that  the  method 
Seviewed  the  highway  borrowing  practices  of  of  debt  are  measured  and  evaluated;  these  of  financing  accelerated  highway  programs 
the  States,  and  to  a  lesser  extent,  of  the  local  limitations  are  shown  to  have  been  largely  depends  upon  the  decision  to  pay-as-you-go 
governments  during  the  1950-62  period,  has  ineffectual  in  restricting  highway  borrowing.  or  resort  to  credit  financing  and  that  the  use 
been  issued  by  the  Bureau  of  Public  Roads.  Some  of  the  other  facets  of  highway  bond  of  guaranteed  bonds,  highway  tax  bonds,  or 
This  publication  may  be  purchased  from  the  financing  discussed  include:  development  and  short-term  financing  in  lieu  of  revenue  bonds 
Superintendent  of  Documents,  U.S.  Govern-  impact  of  the  authority  device  in  financing  can  hold  the  costs  of  borrowing  for  highway 
ment  Printing  Office,  Washington,  D.C.,  highways  by  revenue  bonds;  comparison  of  construction  to  a  minimum  consistent  with 
20402,  at  35  cents  a  copy.  interest    costs    and    scheduled    maturities    of  the  public  interest. 
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Estimated  Travel  by  Motor  Vehicles  in  1962 


BY  THE  CI  RRENT  PLANNING  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  THEODORE  S.  DICKERSON 
Highway  Engineei 


MOTOR-VEHICLE  travel  in  the  United 
States  in  1962  totaled  7(17.8  billion 
vehicle-miles,  an  increase  of  1.1  percenl  over 
the  travel  in  1961.  The  travel  data  were 
compiled  from  information  supplied  by  the 
State  highway  departments  and  toll  authori- 
ties. Total  travel  for  L963,  based  on  informa- 
tion for  the  first  9  months  of  the  year  is 
estimated  at  798  billion  vehicle-miles,  a  4- 
percent  increase  over  11)62. 

The  proportions  of  travel  by  road  system 
and  by  vehicle  type  changed  little  from  1961 
to  1962.  Of  the  1962  travel,  40  percent  was 
on  main  rural  roads  comprising  14  percent  of 
t  tie  Nation's  total  of  3.6  million  miles  of  roads 
and  streets.  Another  46  percent  of  the  travel 
was  on  urban  streets,  which  comprise  only  13 
percent,  of  the  total  mileage.  Local  rural 
roads  accounted  for  only  14  percent  of  the 
travel  but  make  up  73  percent  of  the  total 
mileage. 

Passenger  cars  represented  S3. 5  percent  of 
the  vehicles  registered  and  accounted  for  81.8 
percent  of  the  travel  in  1962;  trucks  and  truck 
combinations  accounted  for  16.1  percent  of 
the  vehicles  registered  and  17.6  percent  of  the 
travel.  Buses  accounted  for  0.4  percent  of  all 
vehicles  registered  and  for  0.6  percent  of  total 
travel. 


Average  vehicle  performance  in  1962  differed 
very  little  from  that  reported  for  1061.  The 
average  motor  vehicle  traveled  0,635  miles  in 
1062,  almost  half  of  it  in  cities,  and  consumed 
774  gallons  of  fuel  at  a  rate  of  12.44  miles  per 
gallon.  The  average  passenger  car  traveled 
0,435  miles  and  consumed  654  gallons  of  fuel 
at  a  rate  of  14.42  miles  per  gallon.  The 
average  truck  traveled  a  little  more  and  the 
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average  commercial  bus  a  little  less  in  106'. 
than  in  1961,  but  their  average  rates  of  fue 
consumption  did  not  change  appreciably. 

The  travel  and  related  information  for  106.-| 
is  shown  in  table  1  by  road  system  and  vehiclj 
type.  Such  data  have  been  reported  ii 
Public  Roads  magazine  for  a  number  o 
years;  the  latest,  for  1961,  appeared  in  vol.  32§NI 
No.  7,  April  1963,  p.  180. 


Table  1. — Estimated  motor-vehicle  travel  in  the  United  States  and  related  data  for 

calendar  year  1962  ' 


Vehicle  type 


Passenger  cars  '• 


Buses: 
Commercial 

School  and  nonrevenue. 

AU   BUSES 


All  passenger  vehicles 

Trucks  and  combinations. 

ALL  MOTOR  VEHICLES. 


Motor- vehicle  travel 


Main 
rural 
road 
travel 


Million 

vehiclt  - 

miles 

242,  521 


915 

656 

1,571 

244,  092 

66,  092 

310, 184 


Local 

rural 

mail 
travel 


Milium 

vehicle- 
miles 

82,  099 


165 
694 


SL'.95.S 
21.460 
104,  418 


Total 
rural 
travel 


"Million 

vehicle- 

m  ilea 

324, 620 


1,080 
1,350 
2,430 

327,050 

87,552 

414.  6112 


Urban 

travel 


Million 

vehicle- 
miles 
303,619 


1,776 

270 

2,046 

305, 665 

47, 507 

353, 172 


Total 
travel 


Million 
vehicle- 
miles 
628, 239 


2,  850 
1,620 
1.  476 

632,715 

135, 059 

767,  774 


Number 
of  ve- 
hicles 
regis- 
tered 


Thou- 
sands 

66,  589 


75.5 
2119.7 
285.2 

66, 874 

12, 809 

79,  683 


Aver- 
age 

travel 

per 
vehicle 


^[iles 
9,435 


37,828 
7,725 
15,  694 

9,461 

10,  544 
9,635 


Motor-fuel 
consumption 


Total 


Million 
gallons 
13  570 


609 
229 
838 

44,408 

17, 288 
61,696 


Aver- 
age 
per 

vehicle 


Gal- 
lons 
654 


8.  066 
1,092 
2,938 


1,350 

774 


Aver- 
age 

travel 
per 

'.'a  Hi. II 

of  fuel 
con- 
sumed 


Milesl 

gallon 
14.  42 


4.  69 
7.07 
5.34 

14.25 

7.81 
12.44 


i  For  the  50  States  and  District  of  Columbia. 

-  Includes  taxicabs;  also  motorcycles  (660,400  registered). 
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A  list  of  the  more  important  articles  in  Public  Roads  and  title 
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Highway  Cost  Allocation  Study  : 

First   Progress   Report,   House   Document   No.   106    (1957). 
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way Improvement,   House  Document  No.  72    (1961).     25 
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The  1961  Interstate  System  Cost  Estimate,  House  Document  No.  49 
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tion, and  Uniform  Application,  and  A  New  Graphical  Evaluation 
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Design  Charts  for  Open-Channel  Flow  (1901).    70  cents. 


iH 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


PUBLICATIONS— Continued 
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Highway  Capacity  Manual  (1950).    $1.00. 
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Dimensions  and  Weights  of  Highway  Trailer 
Combinations  and  Trucks,  1959 


BY  THE  TRAFFIC 

SYSTEMS  RESEARCH  DIVISION 

BUREAU  OF  PUBLIC  ROADS 

Introduction 


A  SAMPLING  of  the  weights  of  highway 
freight  trailer  combinations  and  single- 
unit  trucks  is  obtained  by  the  highway  de- 
partments in  most  of  the  States  each  year. 
But,  no  precise  census  of  the  number  and 
type  of  trailers  in  highway  freight  service  is 
available  in  the  United  States  because  of  the 
multiple  registration  of  trailers  in  more  than 
one  State,  the  short  trailers  used  principally 
in  city  service,  and  the  trailers  used  only  for 
utility    and    construction    purposes. 

Because  new  cargo  bodies  of  40  feet  and 
longer  are  entering  the  traffic  stream,  a  need 
exists  for  repeating  the  size  and  dimension 
study  periodically  so  that  data  on  cargo- 
carrying  capabilities  of  highway  vehicles  may 
be  kept  current.  Therefore,  in  1959,  the 
Bureau  of  Public  Roads  collected  data 
regarding  the  dimensions  and  weights  of 
155,300  vehicles — both  empty  and  loaded — 
of  which  90,200  were  trailer  combinations  and 
65,100  were  single-unit  trucks.  A  study  and 
analysis  of  these  data  are  presented  in  this 
article.2  It  is  possible  that  some  vehicles 
and  combinations  may  have  been  weighed 
and  measured  more  than  once  because  of  the 
location  of  the  weighing  stations,  the  period 
of  time  for  which  the  stations  were  used  at 
a  specific  location,  and  the  random  selection 
of  vehicles  and  combinations  in  transit  past 
the  station.  However,  the  sample  is  believed 
to  represent  a  cross  section  of  the  automotive 
freight  vehicles  in  use  in  the  continental 
United  States  in  1959.  Insofar  as  trailer 
combinations  are  concerned,  the  data  portray 
the    trucking    industry's    use    of    sizes    and 


i  Presented  at  the  42d  annual  meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1963. 

2  Instructions  and  procclures  for  obtaining  the  data  as 
part  of  the  1959  truck  weights  study  were  developed  by 
Alexander  French,  Chief  of  the  Planning  Services  Branch, 
Bffice  of  Planning.  Miss  Mildred  M.  Milazzo,  Mrs.  Mada- 
lene  H.  Kendall,  and  Mrs.  Kathleen  V.  Toole  of  the  Vehicle 
Research  Branch  helped  to  arrange  the  field  data,  prepare 
the  data  for  machine  analysis,  and  develop  the  summary 
tables  and  charts.  John  H.  Jones  of  the  Data  Processing 
Division,  Office  of  Administration,  made  the  machine  tabu- 
lations and  suggested  forms  for  the  tables,  which  were  pro- 
duced by  the  electric  accounting  machine. 

PUBLIC  ROADS  •  Vol.  32,  No.  12 


Reported  by'  MALCOLM  F.  KENT, 

Transportation  Economist,  and  HOY  STEVENS, 

Highway  Transport  Research  Engineer 


Small  2-axle,  single-unit  trucks  are  the  predominant  freight  vehicle  in  use 
on  all  but  Interstate  and  main  rural  primary  roads;  however,  on  Interstate 
and  main  rural  primary  roads  the  intercity,  line-haul  freight  is  generally 
hauled  in  trailer  combinations.  It  is  for  this  use  that,  large  trailer  combination* 
are  an  important  part  of  the  Nation's  transportation  system.  Many  commu- 
nities are  served  only  by  trailer  combinations  for  their  incoming  and  outgoitit: 
freight  deliveries.  Because  of  the  importance  and  amount  of  line-haul  freight, 
transport  by  highway  commercial  vehicles,  it  is  of  value  to  highway  planners  as 
icell  as  to  highway  engineers  to  have  data  on.  the  types,  sizes,  gross  weights,  degree 
of  loading,  and  numbers  of  trailer  combinations  and  trucks  actually  in  use. 

This  article  provides  information  showing  the  range  and  distribution  affreight 
vehicles  in  use  in  1959  in  terms  of  length,  width,  height,  and  weight.  Since 
1959,  large  increases  have  occurred  in  use  of  trailer  combinations,  such  as  the 
use  on  Michigan's  rural  primary  roads  of  10-  and  11-axle  trailer  combinatiotis 
for  which  the  loaded  gross  weights  were  more  than  140,000  pounds,  within  the 
overall  length  limitation  of  55  feet.  Also,  9-axle  trailer  combinations  having 
overall  lengths  of  approximately  100  feet  and  carrying  gross  weights  of  128,000 
to  130,000  pounds  are  now  being  permitted  on  some  toll  roads.  By  1963  the  pre- 
dominant length  of  new  semitrailers  and  full  trailers  iti  use  had  increase<l  to 
40  feet,  5  feet  more  than  the  35 -foot  predominant  length  in  1959. 

Periodic  sampling  of  dimensions  and  gross  weights  of  trailer  combinations 
currently  in  use  on  urban  and  rural  highways  is  needed  to  keep  the  highway 
planning  and.  design  engineers  informed  as  to  the  sizes  and  weights  of  highway 
freight  vehicles  being  permitted  and  used  on  the  hightvays.  This  type  of  in- 
formation on  trailer  combinations  and  trucks  is  also  useful  in.  economic  and 
public  finance  studies  and  for  making  estimates  on  the  cargo -currying  poten  I  ial 
of  highway  freight  transport  vehicles  available  for  emergency  situations  and 
National  Defense. 


weights   under  the  legal  limitations  in  effect 
for  several  years  prior  to  1959. 

Information  was  published  in  1958  from  a 
study  on  the  demand  for  highway  transpor- 
tation (l)s  in  terms  of  shipping  densities  of 
commodities  and  tons  involved  in  the  five 
principal  media  of  transportation.  In  1957, 
according  to  an  estimate  printed  in  1961 
(2),  there  were  712,129  semitrailers  and  full 
trailers  in  highway  freight  service  in  the 
United  States  being  used  in  602,457  trailer 
combinations  for  rural  and  intercity  highway 
freight  transportation.  This  article  includes 
data  that  show  a  distribution  of  highway 
freight  vehicles  by  weights  and  dimensions 
in  1959. 


3  Figures  in  parentheses  indicate  references  listed  on  page 
285. 


By  the  nature  of  the  trucking  industry, 
vehicle  sizes  and  cubic  capacities  are  not 
immediately  changed  to  take  advantage  of 
permitted  increases  in  sizes,  although  any 
additional  weight  allowances  are  used  in  the 
hauling  of  the  heavier  commodities  in  the 
currently  owned  vehicles.  Older  and  smaller 
vehicles  usually  are  operated  until  no  longer 
serviceable,  although  a  pressure  develops  for 
their  earlier  retirement  and  replacement  when 
legal  limitations  are  raised  to  higher  levels. 
Changes  in  legal  limitations  are  dependent 
upon  technological  developments  of  vehicles, 
upon  changes  in  the  characteristics  and 
amount  of  highway  freight  transport,  and 
upon  improvement  in  the  design  and  con- 
struction of  a  State's  highway  system.  The 
amount  of  highway  freight  lias  been  increasing 
during  the  past  several  years,  and  this  in- 
crease has  caused  the  motor  carriers  to  press 
for  larger,  more  efficient  vehicles. 
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il  limitations  have 
li  raised    to    afford    additional    transport 

or  carriers.  The  extent  of 
changes  over  the  5-year  period,  May 
1957  to  July  1962,  are  evident  from  the  data 
.mi  in. -leases  in  lengths  allowed  for  semitrailers 
and  are  shown  in  the  appendix.  The  length 
limitations  in  effect  in  1057  and  previous 
years  probably  had  a  controlling  influence  on 
the  lengths  of  semitrailers  recorded  in  the  1959 
weight  studies.  In  1957,  31  States  permitted 
semitrailers  40  feet  or  longer,  although  18 
States  prohibited  the  use  of  40-foot  semi- 
trailers in  long  haul  interstate  service.  By 
1962,  this  prohibition  had  been  eased  and  only 
W.-l  Virginia  (35  feet)  and  Georgia  (39.5 
feet)  restricted  trailer  length  to  less  than  40 
feet.  For  States  having  no  statutory  limit 
on  semitrailer  length,  the  maximum  possible 
semitrailer  length  was  assumed  to  be  7  feet 
less  than  the  permitted  length  of  the  tractor 
semitrailer  combination.  This  7-foot  dimen- 
sion consists  of  a  bumper-to-rear -of-cab  di- 
mension of  4  feet,  obtainable  for  cab-over- 
engine  tractors,  plus  3  feet  of  clearance 
between  rear  of  cab  and  nose  of  semitrailer. 


Definitions 

Trailer  combinations 

Trailer  combinations  are  classified  according 
to  the  axle  classification  code  developed  by 
the  Bureau  of  Public  Roads.  In  this  code, 
each  digit  represents  the  number  of  axles  of 
one  vehicle  in  the  combination.  The  symbol 
for  a  trailer  combination  consists  of  two  or 
three  digits  separated  by  hyphens.  The  first 
digit  represents  the  power  vehicle,  either  a 
truck  tractor  or  a  tractive  truck  (a  truck 
equipped  to  carry  a  cargo  body  and  haul  a 
full  trailer).  An  "S"  before  the  second  digit 
indicates  a  semitrailer,  the  power  vehicle 
being  a  tractor.  A  digit  appearing  without 
an  "S"  in  either  the  second  or  third  position 
in  a  combination  symbol  indicates  a  full 
trailer.  Some  examples  are  given  in  the 
following  sentences. 

The  code  for  a  3-axle  tractor  and  a  2-axle 
semitrailer  combination  is  3-S2.  Codes  for 
double  cargo  body  combinations  include:  3-2 
for  a  3-axle  tractive  truck  and  a  2-axle  full 
trailer;  2-S1-2  for  a  2-axle  tractor  plus  a 
1-axle    semitrailer    and    a    2-axle    full    trailer. 


Such  combinations  are  also  known  as  double 
trailer  combinations. 

Cargo  body  types 


Approximately  40  types  of  cargo  bodies  are 
defined  in  the  Society  of  Automotive  Engi 
neers  publication,  Commercial  Motor  Vehicle 
Nomenclature  (8).  However,  such  a  detailed 
classification  was  not  suitable  for  use  in  this 
study  and  descriptive  terms  were  used  to 
group  cargo  bodies  according  to  their  similarity 
in  cargo  containing  characteristics.  The 
following  list  shows  the  types  of  vehicles 
included  in  each  classification  used  in  this 
study. 

Flatbed:  Platform  (flat  or  stake),  low-bed, 
riggers  or  oil  field,  lumber,  and  express  or 
pickup  bodies. 

Van:  Livestock  rack,  canopy,  open-top  box, 
fully  enclosed  van,  insulated  van,  furniture  or 
moving  van,  bottler,  multistop  or  standup 
delivery,  and  panel  truck  bodies. 

Log:  Log,  pulpwood,  or  pipe  bodies. 

Dump:  Grain,  dump  low  side  open  box,  and 
hopper  bodies. 
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CARGO   BODY    LENGTH   IN   FEET 

Figure    1. — Distribution    of    cargo    body    lengths,    3-axle    trailer 
combination  s. 
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CARGO    BODY    LENGTH    IN    FEET 

Figure    2. — Distribution    of   cargo     body     lengths,    4-axle     trailer 
combinations. 
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Tank:  Petroleum,  insulated  and  uninsulated; 
bituminous  distributor;  and  other  liquid 
product  bodies  (milk,  acids,  sugar,  etc.). 

Auto:  Bodies  designed  primarily  for  trans- 
portation of  other  vehicles. 

Concrete:  Bodies  designed  and  equipped  to 
mix  and  agitate  concrete. 

Utility:  Wrecker;  utility  (transportation  of 
tools;  equipment;  and  supplies  for  construc- 
tion, maintenance  and  repair  purposes) ; 
garbage,  refuse,  lift  and  equipment  (tank- 
amounted  cranes,  well  drills,  compressors,  etc.) 
bodies. 


tj 


Empty  vehicle  weight 

The  empty  weight  of  a  vehicle  or  trailer 
combination  is  its  weight  with  fuel  and  without 
cargo  or  payload;  it  may  include  fixtures 
permanently  carried  to  support  the  payload. 

Loaded  gross  weight 


The  loaded  gross  weight  of  a  trailer  com- 
bination is  its  empty  weight  plus  the  weight 
of  the  cargo  or  payload  carried. 

Summary 

Some  of  the  more  important  findings  from 
the  1959  study  are  stated  in  the  following 
paragraphs. 

Most  of  the  van  and  flatbed  cargo  bodies  of 
semitrailer  combinations  were  35  feet  long  in 
1959.  Because  40-foot  cargo  bodies  have 
been  constructed  since  1959  in  significant 
numbers,  periodic  studies  of  cargo  body 
lengths  will  be  necessary  to  provide  current 
information  on  highway  freight  movement 
usage  and  capabilities. 

Van  cargo  bodies  on  2-axle,  6-tired  trucks 
averaged  about  12  to  14  feet  in  length  and  van 
cargo  bodies  on  3-axle  trucks  averaged  about 
18  to  20  feet. 

Empty  weights  of  3-S2,  2-S1-2,  and  3-2 
trailer  combinations  averaged  about  30,000 
pounds;  and  empty  weights  of  2-S1  and  2-S2 
combinations  averaged  about  20,000  and 
25,000  pounds,  respectively.  Average  empty 
vehicle  weights  of  five  different  vehicle  classes, 
all  having  van  bodies,  increased  in  step  inter- 
vals of  approximately  5,000  pounds,  as 
follows:  2-axle,  6-tired  trucks,  9,300  pounds; 
3-axle  trucks,  15,200  pounds;  2-S1  combina- 
tions, 20,100  pounds;  2-S2  combinations, 
24,800  pounds;  and  3-S2  combinations,  30,700 
pounds. 

Average  empty  weights  of  van  body,  single- 
unit  trucks  were:  panels,  6,100  pounds;  other 
2-axle,  4-tired  trucks,  6,400  pounds;  2-axle,  6- 
tired  trucks,  9,300  pounds;  and  3-axle  trucks, 
15,200  pounds.  The  2-S2  combinations  on 
the  average  had  loaded  gross  weights  of  about 
15,000  pounds  more  than  those  of  the  2-S1 
combinations  of  the  same  body  types.  The 
loaded  gross  weights  of  3-S2  combinations 
Inning  flatbed,  van,  and  tank  cargo  bodies 
were  about  11,000  pounds  more  on  the  average 
than  those  for  the  2-S2  combinations  having 
these  same  body  types.  The  loaded  gross 
weights  cf  2-S1-2  combinations  were  between 
28,000  and  38,000  pounds  more  than  those  for 
the  2-S1  combinations  in  the  States  where  the 
double  cargo   combinations  are  permitted. 
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The  average  payload  of  10,800  pounds 
carried  by  2-S1  van  combinations  was  12,000 
pounds  less  than  the  payload  carried  by  2-S2 
van  combinations  and  16,000  pounds  less  than 
that  carried  by  3-S2  van  combinations. 

The  number  of  trailer  combinations  having 
loaded  gross  weights  of  more  than  60,000 
pounds  was,  as  follows:  35  percent  of  the  total 
number  of  the  loaded  combinations  weighed 
in  the  Stales  having  a  maximum  gross  weight 
limit  of  60,000  pounds;  41  percent  in  the 
States  having  a  maximum  gross  weight  limit 
of  65,000  pounds;  50  percent  in  the  States 
having  a  maximum  gross  weight  limit  of 
76,000  pounds;  and  nearly  64  percent  in  those 
States  having  maximum  gross  weight  limits 
of  78,000  pounds  or  more. 

Approximately  10  percent  of  the  total  of  the 
2-axle,  6-tired  trucks,  the  3-axle  trucks,  and  the 
trailer  combinations  exceeded  the  8-foot  width 
limitation,  and  only  about  1  percent  of  the  total 
exceeded  the  width  limitation  of  8.3  feet. 
Approximately  0.3  percent  of  all  vehicles  were 
more  than  13  feet  6  inches  high.  A  greater 
percentage  of  the  3-S2  combinations  exceeded 
this  height  than  any  of  the  other  classes  of 
vehicles. 

Procedures 

Loaded  and  empty  weights  and  the  dimen- 
sions of  highway  cargo  vehicles  were  obtained 
at  truck  weighing  stations  in  46  States  during 
1959.  These  vehicles  were  classified  as  to 
axle  arrangement  and  type  of  cargo  body. 
The  lengths  of  cargo  bodies  were  arrayed  in 
2-foot  intervals,  which  provided  a  means  of 
investigating  the  cubic  capacities  of  cargo 
bodies  in  use  during  1959.  The  greatest 
number  of  cargo  bodies  had  lengths  of  32  to 
36  feet. 

Loaded  and  empty  weights  of  vehicles  were 
averaged  and  the  resultant  averages  were 
used  to  compute  average  payloads  by  type 
and  length  of  cargo  body  for  each  vehicle 
classification.  Average  empty  weights  of 
five  different  vehicle  classes  of  vehicles  having 
van  bodies  increased  in  step  intervals  of 
approximately  5,000  pounds.  These  five 
average  empty  weights  were:  2-axle,  dual- 
rear-tire  truck,  9,300  pounds;  3-axle  truck, 
15,200  pounds;  2-S1  trailer  combination, 
20,100  pounds;  2-S2  trailer  combination, 
24,800  pounds;  and  the  3-S2  trailer  combina- 
tion, 30,700  pounds.  The  4-axle  (2-S2), 
tractor  van-semitrailer  combination  carried 
on  the  average  about  6  tons  more  payload 
than  the  3-axle  (2-S1),  tractor  van-semitrailer 
combination,  and  2  tons  less  than  the  5-axle 
(3-S2),  tractor  van-semitrailer  combination. 

In  the  States  that  limited  gross  weights  of 
motor  vehicles  to  56,000  to  60,000  pounds,  the 
greatest  percentage  of  loaded  gross  weights 
was  in  the  50,000-  to  60,000-pound  weight 
bracket.  But  weights  recorded  for  States 
that  have  higher  gross  weight  limits  had  the 
greatest  percentage  cf  loaded  gross  weights 
in  the  60,000-  to  70,000-pound  weight  bracket, 
About  1  percent  cf  all  trailer  combinations 
and  1  percent  of  all  2-  and  3-axle,  dual-tired 
trucks  exceeded  8.3  feet  in  width  across  the 
wheels  and  approximately  0.3  percent  of  the 
vehicles  exceeded  13.5  feet  in  height. 


Length  of  Cargo  Bodies  in  the  Traffic 

Stream 

In  1959,  the  length,  height,  and  width  of 
155,300  commercial  cargo  vehicles  were  re- 
corded as  the  vehicles  were  weighed  at  truck 
weighing  stations  in  46  States  (the  District 
of  Columbia  was  included  and  treated  as  a 
State).  Although  at  least  one  estimation  (4) 
had  been  made  by  the  motor-vehicle  industry 
of  the  lengths  of  van  trailers  by  year  of  con- 
struction, no  industry  tabulation  had  been 
made  available  that  would  give  a  cross  section 
of  cargo  motor  vehicles  operating  on  the  high- 
ways at  any  given  time.  Dimensional  infor- 
mation concerning  new  vehicles  going  into 
the  traffic  stream  each  year  would  be  useful, 
but  a  cross  section  of  the  vehicles,  old  and  new, 
on  the  highways  would  give  a  better  under- 
standing of  highway  freight  movement 
capabilities. 

Trailer  combinations 

In  figure  1  the  percentage  distributions  of 
cargo  body  lengths  and  the  cumulative  per- 
centage curves  of  2-S1  trailer  combinations 
are  shown.  The  20,544  sample  of  2-S1  com- 
binations included  flatbed,  van,  auto,  log, 
dump,  tank,  and  utility  bodies.  Fifty  per- 
cent of  the  flatbed  bodies  were  more  than  30 
feet  long,  and  50  percent  of  the  van  bodies 
were  more  than  32  feet  long.  Most  of  the 
dump  bodies  were  16  to  18  feet  long,  and  most 
of  the  tanks  were  24  to  26  feet  long.  Auto- 
mobile carrier  bodies  were  predominantly  34 
to  36  feet  long  and  log  bodies  were  mostly 
16  to  18  feet  long.  Utility  body  lengths  were 
spread  rather  evenly  over  the  wide  range  of 
14  to  42  feet. 

A  rather  marked  difference  in  the  configura- 
tions of  the  distributions  of  cargo  body  lengths 
in  2^S2  combinations  can  be  seen  in  figure  2 
as  compared  to  the  distributions  of  cargo 
bodies  in  2-S1  combinations.  The  distribu- 
tions of  cargo  body  lengths  in  2-S2  combina- 
tions show  a  predominance  of  32-  to  34-foot 
lengths  for  all  but  vans  and  auto  carriers, 
which  were  mostly  34  to  36  feet  long.  The 
data  shown  here  are  for  1959,  before  the  advent 
of  40-foot  cargo  bodies  in  appreciable  numbers. 
Because  40-foot  trailers  have  been  built  in 
considerable  numbers  since  1959  it  would  seem 
advisable  to  repeat  this  vehicle  dimension 
study  every  3  to  5  years  to  study  the  extent 
of  the  addition  of  longer  cargo  bodies  to  the 
traffic  stream.  Periodic  studies  would  also 
reflect  what  lengths  of  cargo  bodies  were  being 
retired  from  service.  In  this  connection, 
note  that  of  the  34,405  van  cargo  bodies 
measured  on  2-S2  combinations  approxi- 
mately 36  percent  were  34  to  36  feet  long  and 
30  percent  were  32  to  34  feet  long.  Thus  in 
1959  two-thirds  of  the  2-S2  van  cargo  bodies 
were  32  to  36  feet  long  and  42  and  17  perc 
respectively  of  the  2-S1  and  3-S2  van  cargo 
bodies  were  32  to  36  feet  long. 

The  3-S2  tractor  semitrailer  combinations 
had  a  marked  predominance  of  35-foot  cargo 
bodies,  except  for  the  log  and  utility  body 
types,  as  shown  in  figure  3.  Fifty-eight  per- 
cent of  the  3-S2  tanks  were  at  hast  :;(i  feet  long 
and  some  were  longer,  but  only  about   14  per- 
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cent  of  the  2-S2  tanks  and  1  percent  of  the 
2-S1  tanks  were  36  feet  long.  Length  of 
cargo  bodies  for  log  trailers  ranged  evenly 
from  30  to  46  feet.  Only  30,  5-axle  tractor- 
utility-trailers  were  counted  in  this  study  and 
their  cargo  bodies  were  from  28  to  42  feet  long. 
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Although  high  percentages  of  the  total 
double  cargo  body  combinations  counted 
were  weighed  and  measured,  the  samples  were 
small  in  number  as  compared  to  the  samples 
obtained  for  single  cargo  body  combinations. 
The  data  for  the  3-2,  tractive-truck,  full-trailer 
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combinations  are  reported  in  figure  4,  and  the 
.data  for  the  2-S1-2  tractor,  semitrailer,  full 
trailer  combinations  are  shown  in  figure  5. 
The  lengths  of  the  semitrailers  in  the  2-S1-2 
combinations  were  the  same  as  the  lengths  of 
the  full-trailers  in  such  combinations. 
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Most  of  the  flatbed,  full-trailers  used  in  the 
3-2  and  2-S1-2  trailer  combinations  were  20 
feet  long.  Ninety  percent  of  the  van,  full- 
Irailers  in  the  3-2  combinations  were  less  than 
30  feet  long,  and  97  percent  of  the  van,  full- 
trailers  used  in  the  2-S1-2  combinations  were 
less  than  26  feet  long.  Dump,  full-trailers 
were  mostly  16  to  22  feet  long.  Tank,  full- 
trailers  in  3~2  combinations  were  mostly  22  to 
24  feet  long,  and  lengths  of  the  tank  trailers  in 
the  2-S1-2  combinations  were  rather  evenly 
distributed  from  18  to  24  feet.  The  basic 
data  used  for  figs.  1-5  are  given  in  tables  1 
and  2. 

In  figure  6,  trailer  length  distributions  of 
five  different,  double  cargo  body  trailer  com- 
binations are  shown  for  between  50  and  100 
observations  made  for  each  combination.  The 
2-1  class  of  trailer  combinations  has  a  limited 
local  use,  usually  as  a  seasonal,  auxiliary 
freight  vehicle  in  agricultural  areas.  The 
trailers  observed  in  such  combinations  were 
flatbed,  balanced  full-trailers  and  were  from 
14  to  20  feet  long.  In  the  2-2  class  of  trailer 
combinations,  only  flatbed  full-trailers  were 
observed  and  they  had  a  predominant  range 
in  length  from  14  to  26  feet.  This  class  of  2-2 
irailer  combinations  apparently  was  not  ade- 
quately sampled  in  this  study  because  other 
types  of  bodies  are  used  in  this  class  of  trailer 
combinations. 

Data  collected  for  tractor,  semitrailer,  and 
full-trailer  combinations  (2-S2-2,  3-S1-1,  and 
3-S.5-2),  three  classes  of  trailer  combinations 
less  frequently  used  than  others,  also  are 
shown  in  figure  6.  All  of  these  had  van  full- 
trailers.  The  2-S2-2  van  trailers  were  mostly 
16  to  18  feet  long;  the  lengths  of  van  trailers 
in  both  3-axle  tractor  combinations  were 
spread  over  a  wide  range  from  14  to  40  feet, 
most  of  them  were  from  18  to  26  feet  long. 

Cumulative  percentage  curves  for  all  the 
2-S1,  2-S2,  3-S2,  3-2  and  2-S1-2  combi- 
nations, by  cargo  body  type,  are  shown  in 
figure  7  for  easy  comparison.  Of  course,  some 
long  cargo  bodies  reported  may  have  been 
special  permit  vehicles.  These  charts  indicate 
that  in  1959  no  predominant  length  of  trailer 
was  used  for  all  purposes,  the  predominant 
lengths  ranged  from  20  to  40  feet. 

Trucks 

Of  the  268  pickup  trucks,  85  percent  had 
cargo  bodies  6  to  10  feet  long  and  the  614 
panel  trucks  were  evenly  distributed  as  to 
length  over  the  2-foot  intervals  from  6  to  18 
feet,  figure  8  and  table  3.  Few  panel  and 
pickup  trucks  were  recorded  on  rural  roads; 
their  primary  use  is  in  urban  areas. 

Two-axle  motortrucks  having  4  tires,  other 
than  panels  and  pickups,  had  cargo  body 
measurements  similar  to  the  panels  and  pick- 
ups; most  of  the  flatbed  bodies  were  6  to  10 
feet  long  and  the  length  of  van  bodies  ranged 
from  6  to  20  feet.  Two-axle  motortrucks 
having  6  tires  had  cargo  body  lengths  mostly 
in  the  range  of  12  to  16  feet,  except  for  dump 
trucks  and  utility  vehicles.  Dump  bodies  had 
average  lengths  of  about  10  feet  and  utility 
body  lengths  were  rather  evenly  distributed 
Dver  the  range  of  8  to  16  feet,  figure  9  and 
tables  3  and  4. 
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Table  1. — Distribution  of  trailer  body  length? 

in  combinations,  46  States 

Trailer  body  length 

2-S1 

2-S2                           3-S2 

3- 

2 

2-S1-2 

FLATBED 

Feet 

10-11.9 

12  13  M 

Number 

4 

11 

7 

32 

40 

105 

118 

251 

269 

278 

294 

367 

223 

101 

55 

16 

9 

1 

Percent 

0.2 

0.5 

0.3 

1.5 

1.8 

4.8 

5.4 

11.5 

12.3 

12.7 

13.4 

16.7 
10.2 
4.0 
2.5 
0.7 
0.4 
0.1 

Number 

Percent 

Number 

Percent 

Number 

Percent 

Number 

Percent 

14-15.9... 

1 
29 
17 
22 
130 
31 
23 
3 
4 

1.5 

10.9 

0.4 

8.2 

is.  7 
11.0 
9.0 
1.1 
1.5 

16-17.9 

12 
4 

16 
33 
80 
168 
433 
875 

2,534 

1,843 

655 

373 

181 

45 

34 

11 

10 

14 

7,321 

0.2 
0.1 
0.2 
0.5 
1.1 
2.3 
5.9 
12.0 

34.5 
25.1 
8.9 
5.  1 
2.5 
0.6 
0.5 
0.2 
0.1 
0.2 
100.0 

3 
1 
3 

9 
10 
21 
57 
113 

202 

578 

219 

205 

137 

38 

31 

5 

7 

13 

1,652 

0.2 

0.1 
0.2 
0  5 
0.0 
1.3 
3.5 

(i.  8 

12.2 

35.0 

13.3 

12.4 

8.3 

2.3 

1.9 

o.  :i 

0.4 

0.7 

100.0 

80 
104 
168 
55 
35 
20 

2 

1 

10.7 
21.8 
35.  2 
11.5 

:  :; 
4.2 
1.5 

0.  1 

0.2 

18-19.9... 

20-21.9 

22-23.9 

24-25.9 

26-27.9 

28-29.9 

30-31.9. 

32-33.9 

34-35.9 

36-37.9 

39.9... 

40-41.9 

42-43.9 

44-45.9 

46-47.9.. 

1 

0.2 

48-49.9.. 

5 

3 

2,189 

0.2 

0.2 

100.0 

2 
3 

478 

0.4 

0.6 

100.0 

0.4 

0.7 
100.0 

50-52  and  over  .  _ 

Total.. 

2 
265 

VAN 

10-11.9... 

8 
9 

15 
69 

83 
314 
490 
774 
947 
1,200 
2,011 

2,561 

2,543 

518 

416 

158 

28 

13 

7 

0.1 
0.1 
0.1 
0.6 
0.7 
2.6 
4.0 
6.4 
7.8 
9.9 
16.5 

20.9 
20.9 
4.3 
3.4 
1.3 
0.2 
0.1 
0.1 

12-13.9 _ 

1 
3 
6 

8 

44 

10(1 

220 

5 

3 

0.2 

0.8 

1.5 

2.0 

11.2 

25.3 

55.8 

1.3 

0.8 

14-15.9 

16-17.9 

21 
14 
38 
91 
117 
199 
799 
3,212 

10, 329 

12,386 

2,233 

2,941 

1,648 

259 

68 

19 

23 

8 

34,  405 

0.1 
0.1 
0.1 
0.3 
0.3 
0.6 
2.3 
9.3 

30.0 

35.9 
6.5 
8.5 
4.8 
0.8 
0.2 
0.1 
0.1 
0.0 
100.0 

12 

10 
12 
10 
21 
13 
36 
134 

744 

3,786 

793 

2, 129 

1,386 

230 

120 

42 

40 

63 

9,  593 

0.1 
0.  1 
0.1 
0.  1 
0.2 
0.1 
0.4 
1.4 

7.8 

39.5 

8.3 

22.2 

14.4 

2.4 

1.3 

0.4 

0.5 

0.7 

100.0 

38 
9 

19 
19 
29 
38 
27 
2 

1 
3 
1 
1 
4 

19.0 
4.  5 
9.5 
9.5 
14.  5 
19.0 
13.5 
1.0 

0.5 
1.5 
0..3 
0.5 
2.0 

18-19.9 

20-21.9 

22-23.9 

24-25.9 

26-27.9 

28-29.9 

30-31.9. 

32-32.9 

34-35.9 

2 

0.5 

36-37.9 

38-39.9 

1 

0.3 

40-41.9 

42-13.9 

44-15.9 

2 

1.0 

46-47.9 

48-49.9 

1 

6 

200 

0.5 

3.0 

100.0 

50-52  and  over 

Total.. 

3 

12, 167 

0.0 
100.0 

1 

394 

0.3 

100.0 

Lor, 

10-11.9 

13 

42 
84 
96 
67 
45 
21 
20 
13 
9 

17 
10 
10 
11 
9 
6 
3 
2 
2 
2 
6 
488 

2.7 

8.6 

17.2 

19.7 

13.7 

9.2 

4.3 

4.1 

2.7 

1.8 

3.5 
2.1 
2.1 
2.3 
1.8 
1.2 
0.6 
0.4 
0.4 
0.4 
1.2 
100.0 

12-13.9 

NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

14-15.9 

\ 

16-17.9 

55 
21 
19 
27 
28 
34 
44 

40 

70 

44 

34 

21 

15 

8 

4 

6 

4 

13 

487 

11.3 

41.3 
3.9 

5.6 
5.8 
7.0 
9.0 

8.2 
14.4 
9.0 
7.0 
4.3 
3.1 
1.6 
0.8 
1.2 
0.8 
2.7 
100.0 

2 

1 
2 

1 

0.3 

0.1 
0.3 
0.1 

13 

10 

5 

2 

1 

35.2 

27.0 

13.5 

5.4 

2.7 

18-19.9 

20-21.9 

22-23.9 

24-25.9 

26-27.9... 

13 
32 

128 
59 
80 

103 
72 
76 
48 
30 
9 
3 
12 

671 

2.0 

4.8 

19.0 

8.8 

12.0 

15.3 

10.7 

11.3 

7.1 

4.8 

1.3 

0.4 

1.7 

100.  0 

28-29.9.  __ 

30-31.9 

32-33.9 

1 

2.7 

3 1-35  9 

36-37.9... 

38-39  9 

40-41  9 

42  43  9 

44—15  9 

46-47.9 

2 

1 

2 

37 

5.4 

2.7 

5.4 

100.0 

48-19.9 

50-52  and  over. 

Total..     

DUMP 

10-11  9 

1 

8 

58 

267 

133 

69 

39 

90 

57 

31 

16 

12 
3 

7 
2 
1 

0.1 
1.0 
7.3 
33.6 
lti.  8 
8.7 
4.9 
11.3 
7.2 
3.9 
2.0 

1.5 
0.4 
0  9 
0.3 
0.1 

12-13  9 

1 
3 

57 
85 
59 
17 

0.4 
1.4 

23.  0 

;>s  l 

20.5 

7.6 

14  15  9 

16  17  9 

76 
88 
141 
155 
120 
100 
101 
147 

659 
496 
173 
82 
40 
21 
12 
2,411 

3.2 
3.6 

5.8 
6.4 
5.0 
4.  1 
4.2 
6.1 

27.3 
20.6 
7.2 
3.4 
1.7 
0.9 
0.5 
100.0 

20 

7 
27 

8 
12 

26.3 
9.2 
35.6 
10.5 
15.8 

18-19  9     .               

8 
20 
26 
20 
14 
19 
43 

104 
221 
95 
63 
36 
13 
11 
693 

1.2 
2.9 
3.8 

2.9 
2.0 

:'.  7 
6.2 

15.0 
31.9 
13.7 
9.0 
5.2 
1.9 
1.6 
100.  0 

20-21.9 -- 

22-23.9 

1 

0.4 

1 

1.3 

1 
76 

1.3 

100.0 

Total 

794 

100.0 

223 

100.0 
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Table  2. — Distribution  of  cargo  body  lengths  in  trailer  combinations,  46  States 


■  ly  length 

2- 

81 

2- 

S2 

3- 

S2 

3 

.0 

2-S1-2 

2- 

SI 

2_ 

S2 

2- 

SI 

o_ 

S2 

3-S2 

I 

TANK 

AUTO 

TJTIUTY 

L 

Fed 

Nu  tu- 
ber 

Per- 
cent 

N  um- 
ber 

Per- 
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Num- 
ber 

Per- 
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Nu  tu- 
ber 

Per- 
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Num- 
ber 

Per- 
cent 

Num- 
ber 
4 
1 
2 
3 
2 

5 

2 

8 

11 

19 

22 

138 

2,090 

855 

282 

81 

32 
34 

85 

127 

44 

96 
3,943 

Per- 
cent 
0.1 
0.0 
0.1 
0.1 
0.1 

0.1 
0.1 
0.2 
0.3 
0.5 

0.6 
3.5 
52.9 
21.6 
7.2 
2.0 

0.8 
0.9 
2.2 
3.2 
1.1 

2.4 
100.0 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

1 

12  -13  9 

1 
2 
11 

32 

54 
152 
265 
203 
108 

30 
17 
9 
4 
4 

0.1 
0.2 
1.2 
3.0 

6.1 

17.11 
29.7 
22.8 
12.1 

3.4 
2.0 
1.0 

0.4 
0.4 

3 

13 
45 

52 

28 

2 

2.0 

4.5 

8.5 

29.4 

33.9 
18.3 
1.3 

\ 

14  15  9 

1 

2 
6 

10 
2 
6 
9 

11 

5 
8 
3 
2 
3 
2 
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2.8 
8.4 

14.1 
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12.7 
15.5 
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11.3 
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2.8 
4.2 
2.8 

16-17.9      --   --   . 

9 
3 

13 

41 

73 

164 

393 

931 

2.682 

1.734 
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353 

60 

30 
17 
2 
2 
1 

1 
7,073 

0.1 
0.1 

0.2 
0.6 
1.0 
2.3 
5.6 

13.2 
38.0 
24.5 
8.0 
5.0 
0.8 

0.4 
0.2 
0.0 
0.0 
0.0 

0.0 
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2 

0.1 

14 

26 
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2 
2 

5 
8 
2 

1.5 

2.7 

18.7 
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15.4 
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0.2 

0.5 
0.9 
0.2 

1 
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i 
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u 

3 
6 

22 
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74 
42 
3 

1 
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0.3 
1.1 
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30.8 
17.3 
21.4 
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0.1 
0.1 
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1 
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1 

2 

21 

8 

8 
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1 
1 
1 
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26.6 
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2.5 
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1.3 
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100.0 
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4 
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Figure  7. — Cumulative  percentage    distribution    by    vehicle    type 
and  cargo  body  length. 
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Considerable  differences  were  noted  in  the 
length  distributions  of  the  different  types  of 
•cargo  bodies  of  3-axle  trucks,  figure  10. 
Lengths  of  flatbed  and  van  bodies  were  pre- 
dominantly in  the  range  of  16  to  22  feet,  and 
lengths  of  log  and  tank  bodies  were  mostly  in 
the  14-  to  20-foot  range.  Nearly  two-thirds 
of  the  dump  trucks  and  85  percent  of  the 
ready-mix  concrete  trucks  were  equipped  with 
■cargo  bodies  12  to  16  feet  long,  tables  3  and  4. 

Empty  Vehicle  Weights 
Trailer  combinations 

Empty  weights  were  obtained  for  27,144 
trailer  combinations  for  the  five  classifica- 
tions for  which  the  greatest  number  of  trailer 
•combinations  occurred — 2-S1, 2-S2,  3-S2,  3-2, 
and  2-S1-2 — and  are  shown  in  table  5.  The 
weighted  average  empty  weights  by  class  of 
■combination  and  type  of  cargo  body  provide  a 
means  of  computing  average  payload  weights 
when  average  loaded  gross  weights  are  known. 
The  empty  2-S2  combinations  on  the  average 
weighed  about  5,000  pounds  more  than  the 
2-S1  empty  van  combinations.  Other  varia- 
tions in  empty  weights  between  these  three 
classes  of  combinations  and  the  six  types  of 
cargo  bodies  are  shown  in  table  5.  Sometimes 
the  sample  of  vehicles  weighed  was  small, 
and  averages  computed  from  these  data  are 
not  as  reliable  as  data  might  have  been  if  a 
larger  sample  could  have  been  obtained.  The 
sizes  of  the  samples  are  shown  in  table  5  for 
use  in  evaluating  the  reliability  of  the  data  for 
average  empty  weights. 

In  figure  11,  average  empty  weights  of 
trailer  combinations  have  been  arranged  by 
cargo  body  types  to  show  the  variations  in 
weight  of  the  same  body  type  for  the  five  main 
combination  classes.  Similarly,  in  figure  12, 
average  empty  weights  have  been  arranged  by 
the  five  main  combination  classes  to  show  the 
variations  in  weight  for  the  different  cargo 
body  types. 

Single-unit  trucks 

The  four  classes  of  single-unit  trucks  weighed 
and  measured  were  panels  and  pickups 
having  4  tires,  other  2-axle  trucks  having  4 
tires,  2-axle  trucks  having  6  tires,  and  3-axle 
trucks.  Data  collected  are  recorded  in  table 
6.  The  total  number  of  these  types  of  trucks 
observed  was  23,844.  Empty  weights  aver- 
aged 4,800  pounds  for  pickup  trucks  and  6,100 
pounds  for  panel  trucks.  Other  2-axle,  4-tired 
trucks,  having  van  cargo  bodies,  on  the  aver- 
age had  empty  weights  of  only  about  300 
pounds  more  than  the  panel  trucks.  Two- 
axle  trucks  equipped  with  6  tires  had  empty 
weights  that  were  approximately  3,000  pounds 
heavier  than  trucks  having  4  tires.  Empty 
weights  of  3-axle  flatbed,  van,  and  dump 
trucks  ranged  between  15,000  and  16,000 
pounds;  and  empty  weights  of  tank  trucks 
averaged  about  19,000  pounds.  Ready-mixed 
concrete  trucks  and  utility  trucks  weighed 
empty  22,500  and  25,000  pounds,  respec- 
tively, equipment  was  a  regular  part  of  their 
empty  weight. 

In  figure  13,  average  empty  weights  have 
been  arranged  by  cargo  body  types  to  show 


Tabic  3. — Cargo  body  lengths  of  single-unit 

trucks, 

46  Stal 

es 

so  body  length 

Panels,  pickups, 
4-tired  trucks 

2-axle,  4-tired 
trucks 

2-axle,  Mired 
trucks 

FLATBED 

Feet 
Under  6.O.— 

Number 

Percent 

Number 
2 
43 
90 

2D 
24 

4 
8 
4 

Percent 

1.0 

21.4 

44.8 

11.9 

2.0 
4.0 
2.0 

Number 

22 

68 

921 

1,  023 

2.714 

1,511 

589 

254 

122 

62 

39 
15 
8 
6 
13 
4 

11,354 

0.2 
0.6 
8.1 
9.0 
35.1 

24.0 
13.3 
5.2 
2.2 
1.1 
0.5 

0.3 
0.1 
0.1 
0.1 
0.1 
0.0 

100.0 

Percent 

6-7.9 

87 

142 

17 

9 

8 
2 

1 

32.5 

52.9 

6.3 

3.4 

3.0 
0.7 
0.4 

8-9.9 

l 
n 

70 

118 
342 
309 
233 
60 
29 

12 
12 
4 
8 
4 
2 

1,215 

0.1 
0.9 
5.8 

9.7 
28.1 
25.  4 
19.2 
4.9 
2.4 

1.0 
1.0 
0.3 
0.7 
0.3 
0.2 

100.0 

10-11.9— 

12-13.9 

14-15.9... 

16-17.9— 

18-19.9... 

20-21.9-.. 

22-23.9... 

24-25.9.. 

1 

0.4 

28-29.9 

30-31.9... 

32  33.9 

34-35.9...     . 

3f)-41.9 

1 

268 

0.4 
100.0 

Total.. 

201 

100.0 

VAN 

Under  4.0 

3 
1 

90 
160 
105 

77 
71 
79 
27 

0.5 

0.2 
14.7 
26.0 
17.0 

12.5 
11.6 
12.9 
4.4 

1 

3 

91 

289 

206 

197 
308 
379 
105 
9 

6 
3 

0.1 
0.2 
5.7 
18.0 
12.9 

12.3 
19.3 
23.6 
6.6 
0.6 

0.4 

0.2 

4-5.9.. 

39 
136 

1.857 
2,288 

9,888 
7,960 
5.  251 
1,988 
712 

391 
258 
161 
86 
33 

40 
34 
14 
10 

31, 146 

0.1 
0.4 
6.0 
7.3 

31.7 

25.6 

17.0 

6.4 

2.3 

1.3 

0.8 
0.5 
0.3 
0.1 

0.1 
0.1 
0.0 
0.0 

100.0 

6-7.9 

8-9.9 

6 
10 

43 
103 
319 
446 
345 

130 

74 
15 
13 
6 

4 
6 
1 
2 

1,523 

0.4 
0.7 

2.8 
6.8 
20.8 
29.2 
22.6 

8.5 
4.9 
1.0 
0.9 
0.4 

0.3 

ii.  1 
0.1 
0.2 

100.0 

10-11.9— 

12-13.9... 

14-15.9— 

16-17.9— 

18-19.9. _ 

20-21.9 

22-23.9 -. 

24-25.9.. .     . 

1 

0.2 

26-27.9 

28-29.9 

30-31.9 

32-33.9 

34-35.9 

36-37.9 

1 

0.1 

38-51.9 

Total.. 

614 

100.0 

1,598 

100.0 

LOG 

Under  6.0 

6-7.9 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

NA 

NA      > 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 
NA 
NA 

NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 

3 

1 

12 

35 

276 

158 
55 
15 
7 
6 
5 

573 

0.5 
0.2 
2.1 
6.1 
48.2 

27.6 
9.6 
2.6 
1.2 
1.0 
0.9 

100.0 

8-9.9.. 

2 

15 
38 

76 
127 
98 
37 
8 
17 

418 

0.5 
3.6 
9.1 

18.2 

30.3 

23.4 

8.9 

1.9 

4.1 

100.0 

10-11.9. 

12-13.9 

14-15.9 _ 

16-17.9 

18-19.9—          

20-21.9—            

22-23.9—            

24-35.9  -                             

Total. 

DUMP 

NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

NA 

NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 

20 

228 

2,  952 

1,587 

1,338 

598 

245 

76 

16 

6 

15 

7,081 

0.3 
3.2 
41.7 
22.4 
19.0 

8.4 
3.5 
1.1 
0.2 
0.1 
0.1 

100.0 

6-7  9 

8-9  9    .                     

75 

444 

1,028 

642 
225 
167 
60 
26 
18 

2,685 

2.8 
16.5 
38.3 

24.0 
8   1 
6.2 
2.2 
1.0 
0.0 

100.0 

10-11  9-—                     

12-13  9  ..                     

14-15  9    .                ... 

16-17.9  —                    

18-19  9    -                 

90-21  9  ..                     — - 

22-23  9                        

21-35  9                        

Total  .              

the  differences  in  weight  of  the  same  body 
type  for  the  four  different  vehicle  classes. 
Similarly,  in  figure  14,  average  empty  weights 
have  been  arranged  by  the  four  vehicle  classes 
to  show  the  differences  in  weights  for  the  eight 
cargo  body  types. 


Average  Payload   Weights  of  Trailer 
Combinations 

The  average  payload  weights  shown  in  table 
9   were   derived   by   subtracting   the   average 
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Table  4. — Number  and  percent  of  length  of  cargo  bodies  of  single-unit  trucks,  46  States 


Cargo  body  length 

2-axles, 

6-tired 

3-axle  trucks 

2-axles, 

6-tired 

3-axle  trucks 

Panels  and  pickups, 
4-tired 

2-axles, 

6-tired 

3-axle  trucks 

TANK 

CONCRETE 

UTILITY 

Feet 

Number 

4 

3 

45 

166 

1,115 

1,315 

390 

78 

11 

6 

6 

1 

Percent 
0.1 
0.1 
1.4 
5.3 
35.4 

41.8 
12.6 

2.5 

0.3 

0.2 

0.2 
0.0 

Number 

Percent 

Number 

Percent 

Number 

Percent 

Number 

4 

134 

81 
28 
4 

Percent 
1.6 

53.2 

32.1 

11.1 
1.6 

Number 

22 

56 
335 
269 
340 

214 
124 

83 

24 

13 

18 
14 

5 

6 

2 

3 

2 
1 

Percent 
1.4 
3.7 

21.9 

17.6 

22.2 

14.0 
8.1 
5.4 
1.6 
0.8 

1.2 
0.9 
0.3 

0.4 
0.1 

0.2 
0.1 
0.1 

Number 

Percent 

1 

6 

25 

44 

5 
3 
1 
1 

1.1 

7.0 

28.7 

50.6 

5.8 
3.5 
1.1 
1.1 

g_9 1|                                     

3 

54 
384 

396 

63 

10 

3 

6 

2 
1 

0.3 

5.9 
41.6 

42.9 
6.8 
1.1 
0.3 
0.7 

0.2 
0.1 

13 
23 
34 

28 
30 
39 
24 
9 

10 
5 
5 
1 
1 

1 

5.6 
9.9 

14.7 

12.1 
12.9 
16.8 
10.3 
3.9 

4.3 
2.2 
2.2 
0.4 
0.4 

0.4 

3 

14 

66 
71 
63 
35 
4 

3 

1.1 
5.4 

25.3 
27.2 
24.2 
13.4 
1.5 

1.1 

12-13  9             

1 

0.4 

1 

1.1 

1 

0.4 

1 

2 
1 

0.0 

0.1 
0.0 

1 

0.1 

1 

0.0 

1 

0.4 

1 
2 

1 
5 

232 

0.4 
0.9 
0.4 
2.2 

100.0 

3,151 

100.0 

261 

100.0 

87 

100.0 

923 

100.0 

252 

100.0 

1,531 

100.0 

i  For  the  tank  cargo  bodies,  length  is  42  feet  and  over. 
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CARGO    BODY    LENGTH    IN    FEET 
Figure  10. — Distribution  of  cargo  body  lengths,  3-axle  motortrucks. 
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pable  5.-Average  empty  weights  of  trailer  combinations  by  length  and  type  of  cargo  body, 

46  States,  1959 


Trailer  body  length 

Flatbed 

Van 

Log 

Dump 

Tank 

Auto 

Utility 

2-Sl 

Feel 
10-11.9 

Pounds 

Pounds 
23, 600 
17, 500 
17,900 

is,  mm 

is.  3110 
17, 800 
IS, con 
18, 900 

19. 100 
19, 300 

jo,  mo 

20, 400 
21,200 

.'ll.iioo 
21,300 
21,500 

23,  400 
17,  900 
22, 300 

Pounds 
11,500 
9, 400 
9, 600 
10,  500 
10,  700 
10,  800 
12,300 
13, 400 

11,300 

Pounds 

Pounds 

Pounds 

Pounds 

14-15  9 

Hi,  mm 
14,  200 

17,  300 
15,200 

Hi.  .Mill 
17,0111) 

16, 700 
17, 500 

18,  300 
18,  800 
18, 200 
17,300 
17,300 
16,  400 

20, 400 
16,000 

is,  :<| in 
15,500 
16,800 
15,700 
15,  400 
10,400 

15,  600 

15,300 

16,  500 
16,700 

20, 000 

16-17  9 

20, 000 
12, 600 

18-19.9.. 

18, 100 
19,  500 
19, 900 

211,    'Oil 
19, 400 

22, 100 
22,  200 
22,  700 
21,  100 
17,000 

21,400 
12,200 

21,211(1 

20-21.9 

22-23.9 
''4  95  9 

26-27.9 

17,700 

20, 600 
18, 100 

20,  100 
19, 900 
19,000 
is.  ci in 
19,300 
20, 100 

19.3011 
19,000 
20,  400 
21, 300 
20,  700 
22, 100 

19, 200 

1 ,  072 

111,  COO 

17,  000 
22,  700 
22,10(1 
20, 000 

28-29.9 

30-31.9 

12, 400 
15,  000 

11,  700 

12,  300 
11,000 
13, 500 

32-33.9 

34-35.9 

38-39.9 

16, 800 

40-41.9... 

19,  800 

21,800 
17,800 

42-43.9 

44-45.9 

46-47.9 

10, 100 
10,400 

III.  coo 
216 

48-19.9 

50-51.9 

52  and  over 

17,700 

20, 100 
3,447 

Weighted  Average 

Vehicles  Weighed 

17,  500 
866 

16,200 

337 

20,  600 
395 

19,900 

Hi 

2-S2 

Under  16 , 

25, 700 
18,  900 

25,  700 
25, 100 

10, 

27, 000 
24, 300 
25,  500 
23, 100 
24,  400 
24, 100 

24,  200 
25, 100 

25,  400 
25,  400 
25, 900 
26, 300 
25, 800 
24, 000 

24,  800 
8,653 

19,900 
21,200 
23, 300 

24,  500 

25,  700 

26,  200 
24,  800 

'3,  son 
24,  000 

21,700 
22,  .Mil) 
23, 400 
22,  400 
21,400 
21,600 
10,  son 
21,200 

23, 900 
885 

NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 

NA 

NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 

NA 

16-17.9 

14,  COO 
16,200 
13,000 
16,  900 

17,. Mill 
10.7OO 
19, 300 
20,  200 

is, 700 
20,  400 
20, 300 
IS, 000 
19, 100 

18-19.9 

24,  200 
24, 400 
31,400 
25, 200 
25, 000 

25,  700 
25, 400 

24,  400 

24,  700 

25,  200 
25, 000 
25,  600 
23,  600 
24, 100 

20-21.9 

15, 000 
25, 400 
24. 400 
22,300 
23,  900 
22, 100 

22,  300 

22,  500 
22, 300 
22, 900 
22, 300 
21,700 

23,  200 
25, 300 

22,  500 
2,925 

22-23.9 

24-25.9 

26-27.9 

30-31.9 

32-33.9 

34-35.9 

21,600 
20, 100 
22,  600 

24,4011 

36-37.9 

38-39.9 

40-41.9 

42-13.9..  _. 

44-45.9 

46-47.9 

Weighted  Average 

17,800 
106 

24,  800 
3,180 

21,800 
25 

Vehicles  Weighed _  __ 

3-S2 

Under  18 

37, 800 
32, 800 
38, 000 

28,  400 
35,  600 
31,600 
32.300 
29, 100 
30, 800 
31,000 

32,500 
30,300 

28,  500 
31, 900 
31,100 
30,  500 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

18-19.9 

17, 100 
23.  loo 
27,  300 

30,  800 
22,  300 
25,  400 
30, 000 
28, 000 
31,100 

30, 500 
31,400 

31,  500 
33, 300 
30,600 
30,  600 
34,  400 
39, 600 
33,  300 

30,  700 

1,522 

26, 300 
28, 300 
27,000 
30,  500 
29, 300 
34. 900 
27,3011 
27,  400 
29,  300 

27,500 
28,200 

27,200 
26, 600 
25,  600 
31,000 

23,1 

20-21.9 

22, 100 

22-23.9 

24-25.9. 

26-27.9 „. 

24,  600 

32,  200 

29,  200 
33.000 

30,  900 
27, 600 

28,  800 
27,  700 
25,000 
26,  700 
25,  son 

28-29.9 

30-31.9 

32, 900 
25,  500 
25, 000 
25, 800 

19, 800 

32-33.9 

34-35.9 

24,  500 

22,  500 
24, 000 

36-37.9 

38-39.9 

40-41.9 

42-13.9 

44-45.9 

46-47.9 

48-49.9 

50-51.9 

52  and  over 

27, 000 

28, 500 
212 

Weighted  Average 

31,000 
611 

23,  .Mill 
14 

27,  son 
973 

26,  400 

8 

Vehicles  Weighed 

3-2 

Weighted  Average 

29,  400 
156 

_'S,  COO 

89 

26,  300 
6 

31,200 

27 

28,  400 
415 

NA 

NA 

NA 

NA 

Vehicles  Weighed 

2-S1-2 

Weighted  Average 

28, 000 
80 

33, 000 

77 

NA 
NA 

28, 800 
98 

32, 700 
73 

NA 
NA 

NA 

NA 

Vehicles  Weighed ... 

FLATBED 
2-  si 

2-  S2 
3  -  S2 

2  -  Si  -2 

3-  2 

VAN 
2  -  SI 
2  -  S2 
3-  S2 
2  -  SI -2 
3-  2 

LOG 
2-  SI 

2-  S2 

3-  S2 
3-  2 

DUMP 
2  -  SI 
2  •  S2 
3-S2 

2-  SI  -2 

3-  2 

TANK 
2  -  SI 

2-  S2 

3-  S2 
2- SI -2 
3-2 

AUTO 
2-  SI 
2-  S2 

UTILITY 

2-  SI 


VEHICLES 
WEIGHED 


866 
2,925 

61  I 


3,447 
8,653 
1,522 


77 


337 

885 

2  I  2 

98 

27 


O  IO  20  30 

AVERAGE    EMPTY    WEIGHT    (1,000    POUNDS) 

Figure  11. — Average  empty  weights  of  trailer 
combinations  by  vehicle  and  cargo  body 
types. 
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FLATBED 
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VEHICLES 
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866 

3,447 

21  6 

337 
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1,672 

16 


2,925 
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885 

3,177 
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Figure  12. — Average  empty  weights  of  trailer 
combinations  by  cargo  body  and  vehicle 
types. 


PUBLIC  ROADS  •  Vol.  32,  No.  12 

715-982—64 2 


277 


Table  6.— Average  empty  weights  of  single-unit  trucks  by  length  and  type  of  cargo  body, 

46  States,  1959 


Cargo  body  length 

Flatbed 

Van 

Log 

Dump 

Tank 

Auto 

Concrete 

Utility 

PANELS  ANI 

PICKUPS, 

4-TIRED 

Feet 
6  0-7.9 

Pounds 

4,200 
4,800 
5.400 
7,000 
7,200 
10,  000 

Pounds 
4,600 
5,  400 

5,  700 

6,  600 

7,  900 
10,  400 

6,400 

6,100 
218 

Pounds 

NA 

NA 
NA 
NA 

NA 

NA 
NA 

NA 
NA 

Pown  ds 

4,600 
5,800 
5,600 
8,400 

Pounds 

NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

Pounds 
NA 

NA 
NA 
NA 
NA 

NA 
NA 

NA 

NA 

1 'mi  nils 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

Pounds 
4,100 
5,100 
5,100 



10.0-11.9                        

4,800 
144 

5,700 
20 

4,900 
26 

OTHER   2-AXI.E,   4-TIRED 

Under  6  0 

0,500 
4,600 

5,  000 
5,800 
7,300 

6,  300 
6,  600 
6,  800 
7,600 
8,600 

6,400 
423 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 



4,500 
5,000 
5,  500 
8,400 
6,200 
7,700 
7,  200 

4,600 
6,  500 
10,  000 
5.200 

8.0-9.9                 

10.0-11.9                

12.0-13.9                    

14  0-15  9 

10  0  17  9 

18  0-19  9 

20  0-21  9 

22  0-23  9 

5,400 
110 

7,500 
11 

Vehicles  weighed ... 

2- AX 

.E,  6-TIREI 

) 

Under  6  0 

7,400 
6,500 
6.200 
7,100 
7,700 
8,400 
9,200 

9,900 
III,  lllll 

9,000 
11,000 

9,  400 
10,  200 
10,800 

11,000 
9,800 
8,100 

7,900 
6,900 
6,600 
7.600 
8,800 
9,800 
10,  300 

11,000 
11,800 
11.900 
12,700 

12,  700 

13,  700 

14,  200 

13,  200 

Hi,  .-illll 

9,300 

9,800 
7,200 
7,200 
7,200 
7,200 
7,500 
8,700 

10,  400 
9, 100 
8.000 
7,600 

9,  200 
9,900 
9,900 
9,900 
9,100 
9,700 
9,500 

11,  500 
9,  400 

8,800 
10,  400 
8,100 
9,700 
10,  600 
11,400 

13,  400 

14,  400 
16, 100 

15,  600 
19,  200 

5,900 

6,000 
7,500 
8,600 
9,600 
10,  500 
12.  600 

12,  200 

13,  400 
12, 100 

5,900 
10,  800 
10,  900 

s,  lllll 

10,  800 

6  0-7  9 

8.0-9.9                               .   

11,800 
14.  000 
14,  200 
15,400 
13,  300 

10  0-11  9 

12.013.9 

8,800 
9,600 
12,  500 

14.0-15.9       .      

16.0-17.9       

18  0-19  9 

20  0-21  9 

22  0-23  9 

24  0-25  9 

22,  000 

26  0-27  9 

12,  600 

28  0-29  9 

30  0-31  9 

32  0-33  9 

6,500 
8,700 
8,400 

34  0-35  9 

11,000 

17,500 

36  0-37  9 

38  0-39  9 

42  0-43  9 

7,000 
21,  700 

9,300 
9,479 

44.0-45.9 

Weighted  average 

Vehicles  weighed .  .     .  .    ..-. 

8,000 
4,901 

7,600 
337 

9,700 
3,  799 

11,300 
967 

9,100 

7 

14,300 
33 

10,  200 
429 

3- AX 

LE  TRUCKS 

I'mler  6.0 

25, 100 
24,  200 

16,400 
17,20(1 

12,  400 

13,  800 
16,900 

17.  i;oo 

18,  200 
16,  800 

HI,  100 
17.300 

14,  200 
17.700 

NA 
NA 
NA 

NA 
NA 

NA 
NA 

NA 

NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

24,700 

6.0-7.9 

12,  600 
16,700 

12,  800 
15,700 
15,  000 

13,  600 
15,300 

15,300 

17.0110 
15,  200 
15,  700 
15,200 
19,  400 

14,  700 
17,  000 

8  ii  9.9 

26,  200 
20,  900 
20  ■inn 
23.  4(10 
26,  600 
20.  500 

25,  500 

22,  300 

20.  400 

23,  000 
23,  1(10 

26,  100 

18, 100 
36,  400 
40,  200 
29,  800 

21,  400 

10.0-11.9  . 

14.300 
14,300 
13,500 

13.  900 
14,4110 

15,400 
21.400 
20,  400 
30,  400 
35,  400 

22,  500 

22.  51)0 
24,  000 
13,700 
16,900 

22,  200 
20,  800 
12,900 
15. 100 
18.800 

12.0-13.9... 

13,  500 

Hi,  lllll 

IS,  7 

111.000 

27, 100 
23.  400 
25,  600 

14.0-15.9 

16.0-17.9 

1S.0-19.9 

20.0-21.9 

22.0-23.9 

20,  300 

24.0-25.9.... 

26.0-27.9  . 

26.  700 

28.0-29.9. .. 

30.0-31.9 

13,  800 
15,400 

32.0-33.9 

is,  noil 
12,  200 

34.0-35.9 

25,  800 

36.0-37.9 

38.0-39.9 

28,  000 

40.0-41.9 

42.0-43.9 

44.0-45.9 

46.0-47.9 

52,  700 
63,  000 

25,  000 
65 

48andover_    

Weighted  average 

1.5,100 
485 

15,  200 
564 

19,  600 
137 

16, 600 
1,232 

18,  900 
96 

22,  500 
361 

Vehicles  weighed .. 

TOTAL  VEHICLES  WEIGHED 

5,640 

10,  684 

474 

5,051 

1,063 

NA 

394 

531 

empty  weights  given  in  table  5  from  averag( 
loaded  gross  weights  given  in  tables  7  and  8 
Although  there  is  little  correlation  betweer 
cargo  body  length  and  average  payloac 
weights,  a  considerable  difference  is  shown  ir 
average  payload  weights  as  between  differem 
combination  classes  and  different  cargo  body 
types.  For  example,  the  2-S1  flatbed  com 
binations  had  an  average  payload  of  15,00( 
pounds  but  2-S1  van  combinations  carried 
average  payloads  of  about  11,000  pounds 
Corresponding  average  payload  figures  for  the 
2-S2  combinations  were  24,000  and  22,00( 
pounds,  and  for  the  3-S2  combinations  28,00( 
and  26,000  pounds. 

The  2-S2  combinations  for  all  body  types 
except  auto  and  utility  bodies,  operated  or 
the  average  with  gross  vehicle  weights  ol 
about  15,000  pounds  more  than  2-S1  combi 
nations  with  the  same  body  types.  The  3-S! 
combination  having  flatbed,  van,  and  tank 
body  types  operated  with  gross  vehicle  weight 
between  10,000  and  12,000  pounds  more,  oe 
the  average,  than  the  2-S2  combinations 
having  the  same  body  types.  The  3-S2  dump 
combination  gross  vehicle  weights,  on  the 
average,  were  14,000  pounds  heavier  than  the 
2-S2  dump  combination. 

In  those  States  where  the  double  cargc 
body  combination  is  permitted,  the  additior 
of  a  2-axle  full-trailer  to  the  2-S1  combinatioi 
caused  an  average  increase  in  gross  vehicle 
weight  of  28,000  pounds  for  the  flatbed  anc 
van  combinations  and  of  36,000  to  38,00C 
pounds  more  for  the  dump  and  tank 
combinations. 

Trailer   Lengths   Related   to   Loaded 
Gross    Weights 

An  analysis  was  made  to  determine  whethei 
any  significant  difference  existed  in  lengths 
of  trailer  cargo  bodies  for  different  gros: 
vehicle  weights.  For  this  purpose,  the  gross 
weights  of  the  different  combination  classes 
broken  down  by  cargo  body  types,  were 
arrayed  in  10,000-pound  intervals  of  gross 
vehicle  weight.  Each  10,000-pound  interval 
was  further  arrayed  as  to  length  of  cargt 
body.  The  results  are  shown,  in  figures  15 
17,  for  the  three  main  combination  classes— 
the  2— SI,  2-S2,  and  3-S2  tractor  semitrailei 
combinations  having  van  cargo  bodies.  Th 
configurations  in  these  figures  are  similar  ii 
weight  intervals  from  20,000-  to  70,000-pounc 
gross  vehicle  weights.  No  significant  increasi 
in  lengths  of  cargo  bodies  can  be  detected  a; 
gross  weights  increased.  The  median  ol 
cargo  body  lengths  of  2-S1  combinations  foi 
10,000-pound  weight  intervals  between  20,00( 
and  60,000  pounds  was  32  feet,  and  the 
median  cargo  body  length  for  the  2-SS 
combination  was  35  feet.  Commodity  data 
not  collected  in  this  study,  would  be  needec 
to  further  analyze  choice  of  trailer  body 
lengths  made  by  industry. 
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Effect    of    Gross    Weight    Limits    on 
Loaded     Gross     Weights 

Maximum  gross  weight  limits  prescribed  for 
permitted  classes  of  trailer  combinations  by 
the  45  States  and  the  District  of  Columbia  in 
1959  are  as  enumerated:  limits  in  7  States 
were  56,000  to  60,000  pounds,  in  16  States 
were  60,000  to  68,000  pounds,  in  18  States 
were  71,000  to  76,000  pounds,  and  in  5  States 
were  78,000  pounds  and  more.  The  loaded 
trailer  combinations  weighed  in  these  46 
States  were  grouped  by  their  loaded  gross 
weights  into  four  weight  categories.  The 
combinations  in  each  weight  category  were 
arranged  in  10,000-pound  class  intervals  of 
gross  vehicle  weight,  and  the  number  of 
loaded  combinations  observed  in  each  weight 
category  were  converted  to  a  percentage  of 
total  loaded  combinations  observed. 

Weights  of  3-S2  combinations 

Depending  upon  the  axle  limits  allowed, 
the  3-S2  combination  can  legally  operate  at 
a  gross  vehicle  weight  of  72,000  pounds  where 
32,000-pound  tandem  axles  are  specified,  and 
at  about  80,000  pounds  where  36,000-pound 
tandem  axles  are  specified.  In  figure  18, 
percentages  are  shown  of  loaded  trailer  com- 
binations of  the  3-S2  combination  that  had 
van  cargo  bodies.  As  gross  weight  limits 
increased,  a  higher  percentage  of  the  loads 
were  more  than  60,000  pounds.  For  example, 
the  percentages  of  combinations  above  this 
figure  and  the  maximum  gross  weights  per- 
mitted by  the  States  were:  35  percent  and 
60,000-pound  maximum  gross  weight,  nearly 
41  percent  and  68, 000-pound  maximum  gross 
weight,  50  percent  and  76,000-pound  maxi- 
mum gross  weight,  and  nearly  64  percent  and 
78,000-pound  and  more  maximum  gross 
weight. 

These  figures  would  seem  to  indicate  that 
from  the  freight  standpoint  there  was  a 
demand  for  heavier  permitted  gross  weight  in 
the  States  limiting  it  to  60,000  pounds  and 
that  this  demand  was  held  in  check  by  the 
low  weight  limits.  The  greatest  percentage 
of  loaded  gross  weights  in  the  States  having 
maximum  limits  of  56,000  to  60,000  pounds 
occurred  in  the  50,000-60,000-pound  weight 
bracket,  and  in  the  other  three  groups  of 
States  a  preference  was  shown  for  60,000-  to 
70,000-pound  gross  loads.  In  similar  analysis 
of  the  data  for  3-S2  flat-bed  loaded  vehicles, 
shown  in  figure  19,  the  findings  paralleled 
those  given  for  the  vehicles  with  van  cargo 
bodies. 

Gross    Weights    of    2-S1-2    and    3-2 
Combinations 

The  2-S1-2  trailer  combination,  if  operat- 
ing at  single-axle  limitations  of  18,000  pounds, 
would  have  a  gross  weight  of  about  80,000 


Table  7. — Average  loaded  weights  of  trailer  combinations  bv  length  and  type  of  cargo  body 

46  States,  1959 


Trailer  body  length 

Flatbed 

Van 

Log 

Dump 

Tank 

Auto 

Utility 

2-sl 

Feet 
Under  10.0 

Pounds 

Pounds 
36, 300 
49,  200 
24,  700 
31,400 
33, 100 
30,  200 
29, 000 

28,900 

29.  400 
30, 100 

30,  700 
30,  500 
30.  600 

32,  000 
32.  600 
32,  900 
32, 300 
35, 100 
38,  500 

36,  400 

Pounds 

Pounds 

40, 400 

Pounds 

Pounds 
42, 200 
24,800 
32,  700 

Pounds 

10.0-11.9 

43, 400 
30, 000 
36,  700 
31,  600 

30,  400 
31,800 

31,  100 

32,  500 

33,  900 

32,  UK) 

33,  300 

34,  200 

31,000 
30, 300 
30.  800 
30,  600 
30,  000 

31, 100 
34.  600 
33, 000 
34, 000 
33, 700 
39,300 

38,  400 
30,  200 
29,  300 
36,  400 
21,  400 

32.  700 

36,  200 

37,  700 
34,  700 
26,  200 

33,  500 

1  ', 

17,  800 
16,  400 

12.0-13.9 

37, 100 
42,  500 
44, 100 
40,400 
38,  Too 

38,  600 
38,800 
36,500 

37,  500 

31.  800 

32,  400 

34,  500 

35, 800 
29,  900 

21,  200 

15, 900 
38,  500 
27, 800 

34,  700 

35,  700 

36, 100 
38,  900 
42.  300 
44,  700 
40,  900 
42,  300 

38.  900 
29, 300 
34, 300 

14.0-15.9 

18,  200 
20,000 
30, 100 
34, 300 

15,  600 
28, 800 
24.  100 
35,  500 
26.  500 
30.  600 

23,  500 
23,  800 
26,  800 
37,  600 

16.0-17.9... 

26,  600 
32.  200 
26, 100 

34,  800 
29,  900 
28,400 
32,  600 

35,  500 

32,  400 

33,  300 

33, 700 
33. 800 
33, 200 

32,  900 

35,  600 

36,  500 

34,  500 
:.S,  600 
39,  600 

33,  800 

2,  271 

18.0-19.9 

20.0-21.9 

22.0-23.9 

24.0-25.9 

26.0-27.9  - . 

28.0-29.9 ... 

30.0-31.9 ... 

32.0-33.9 

34. 0-35.9. -. 

30.0-37.9... 

38.0-39.9.-.   .. 

40.0-41.9... 

42.0-43.9 

44.0-45.9 

46.0-47.9 

42.  000 

48.0-49.9 

27,  400 
29,  500 
46,  600 

32,  500 
1,323 

50.0-51.9 

52  and  over.     

26,  400 

30,  900 
8,720 

31,  900 

33,  700 
272 

Weighted  average  .    —    . 

40, 300 
457 

39,  400 

497 

29,  200 
55 

Vehicles  weighed..  

2-s2 

Under  10.0  .  

19,  200 
37, 300 
38,  700 
35,  400 

35,  700 

10  0-11.9... 

46,  500 
25.  900 
18,  600 
16,  000 
36,  200 
45,  000 

48, 300 
44,900 

45,  500 

47,  000 
47,  800 
47,  700 

47,  700 

46,  000 
46,  200 
40.  000 
46,300 

46,  400 

43,  500 
36,  500 
37.900 
36,  400 

47,  200 
4,396 

12  0-13.9... 

32, 300 

47,  800 

49,  600 
43, 800 
41,  400 

46, 000 
46,  800 

50,  500 
47, 300 

51,  400 
49,  000 

48,  600 
51,  200 

49,  700 
48,  800 
55, 100 
43,  200 

54,  700 

it;,  Tun 

46,  400 
44, 800  v 

48,  500 
321 

52, 200 
48,  800 

54,  500 
58,  800 

55,  500 

60,  600 
57,  400 

56,  700 

55.  700 

52.  600 

53,  000 

53, 000 

56,  400 
56, 000 
52,  400 
55,  400 
59, 000 

51,  800 
62,  400 

50,  900 
54,  500 

14.0-15.9 

16  0-17.9. . 

7,800 

18.0-19.9... 

51,  900 
46, 100 

48,  700 
46,  500 

46,  800 
45,  700 
47, 100 
47, 300 

44.  400 
47, 300 

47,  200 
48, 300 

48,  500 
49, 100 

47,  000 
46,600 
48,700 
57,  200 

47, 300 
25,  752 

56,  600 
46,600 

52,  200 
51,  600 

.".'..    Illl 

53,  200 

54,  400 
55, 100 

55,  700 
56,600 
59,  000 
55.  800 
56. 300 
58,  400 

58,  700 
65,  800 
67, 800 

20  0-21  9  . 

22  0-23  9    . 

24  0-25  9 

33,800 

27,  400 

26  0-27.9  .. 

28  0-29.9  ..                 

45.900 

30  0-31.9    . 

38.  800 
39, 000 

48,  800 
38,600 

40,  800 

41,  200 

32.0-33.9...         

50,  700 

30,  200 
25,  500 
36, 300 
Hi,  KOII 
32,  600 
13,  600 

34  0-35  9                      

36.0-37.9...             

38.0-39.9 .   

40.0-41.9..-       

42  0-43  9 

44  0  45  9 

46  0-47  9 

48  0  49  9 

34.  200 

50  0-51  9 

47,  400 
27,  400 

36,  900 
54 

54.  600 
1,526 

55,300 
3,  896 

38,  700 
49 

3-S2 

i;:<  Km 
62,  600 

62,  200 

70,900 

NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
XA 

NA 
\  \ 
\  \ 
\  \ 

N  \ 
\  \ 

36, 700 

36,  900 
20,  500 
20,  500 
20,  500 
51,900 

60.600 
59,  800 
62, 100 
60,300 

55,  900 
53, 300 

57,  800 

58,  100 
57, 000 
57, 100 

59,  000 
57, 100 

50,  700 
56, 800 

56,  000 
59,  200 

57, 100 
8,071 

60,700 

83,  600 
62, 100 

64,  900 

67,  600 
71.  000 

69,  500 
65,  200 
79, 300 

IIS,  '.100 

71,  500 
65,  700 

64,900 

01,  Mill 

65,  800 

65,  800 

66,  800 
61,  700 

70,600 
64,800 

66,  800 

64, 300 
68,000 
65,  500 
55,  200 
52,600 
55,  700 

58. 100 

59,  200 

60,  000 
62,  700 

61,  900 
63, 100 

74,  600 

62,  200 
OS,  COO 
62,  600 

58,  800 
1,041 

67, 100 
66,  400 
59,  200 
60,600 
64,800 

66, 900 
66,  900 
66,  500 

65,  700 

66,  500 
66,  000 

58, 300 
61,  900 

67,  

70,  400 
71.500 
70, 100 

68,900 
70,600 

69,  600 

70,  200 
70,  700 
70,  300 

67,  900 
64,300 

62. 

60.  200 

70,  000 
657 

98  0-29  9                     

41.  700 
43, 100 
58, 300 

57,  800 
65, 300 
81, 200 

32  0-33  9                  --  ---  

34  0-35  9                ---  - — 

38  0-39  9                  -- - 

42  0  43  9     -              

84, 100 

68,  500 
481 

66,  300 
1,  089 

61.  400 
22 
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FLATBED 

PANELS, PICKUPS,  4-  TIRED 

OTHER  2-AXLE,  4-TIRED 

2-AXLE.6-TIRE0 

3-AXLE 

VAN 

PANELS, PICKUPS,  4 -TIRED 

OTHER  2-AXLE, 4-TIRED 

2-AXLE, 6-TIRED 

3-AXLE 

LOG 

2  -AXLE, 6-TIRED 
3-AXLE 

DUMP 

PANELS,  PICKUPS, 4-TIRED 

2-AXLE, 6-TIRED 

3-AXLE 

TANK 

2-AXLE, 6-TIRED 
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by 


pounds;  and  if  operating  at  single-axle  limi- 
tations of  22,400  pounds,  would  have  a  gross 
weight  of  about  98,000  pounds.  The  3  2 
trailer  combinations,  if  operating  with  is, 000- 
pound  single  axles  and  32,000-pound  tandem 
axles,  would  have  a  maximum  gross  weight  of 
about  77,000  pounds.  The  3-2  combination, 
if  operating  with  22,400-pound  single  axles 
and  36,000-pound  tandem  axles,  would  have 
a  maximum  gross  weight  of  about  91,000 
pounds.  The  2— Sl-2  tractor,  semitrailer, 
full-trailer  combinations  and  the  3  2  tractive 
truck  full-trailers  combinations  were  observed 
mostly  in  two  groups  of  States — 18  Stales 
that  have  maximum  weight  limits  of  71,000 
to  76,000  pounds  and  5  States  that  have 
maximum  weight  limits  of  78,000  pounds  and 
more. 

As  shown  in  figure  20,  the  percentage  of 
2-S1— 2  trailer  combinations  having  gross 
weights  of  80,000  pounds  or  more  was  higher 
in  the  5  States  having  weight  limits  of  78,000 
pounds  and  more  in  the  18  States  having 
maximum  weight  limits  of  71,000  to  76,000 
pounds.  The  same  trend  existed  in  percentage 
relationship  for  the  three  major  body  types — 
flatbed,  van,  and  tank.  Similar  trends  in  the 
relationship  of  gross  weights  and  the  permitted 
weights  were  noted  for  the  3-2  tractive-truck 
full-trailer  combination,  figure  21.  The  per- 
centages for  gross  weights  of  combinations  of 
more  than  80,000  pounds  are  shown  in  table  10. 

The  data  included  in  figures  20  and  21  and 
in  table   10  indicated   that  tank  cargo  body 


combinations  are  the  ones  that  can  most 
consistently  use  the  maximum  permitted,  or 
higher,  gross  weights.  The  two  other  cargo 
body  types  of  combinations  regularly  carried 
loads  that  weighed  much  below  the  maximum 
permitted  weights.  Hence,  it  may  be  con- 
cluded that  not  all  freight  carriers  could  use 
to  advantage  any  increase  in  permitted  gross 
weights.  This  situation  presents  a  difficult 
problem  in  allocating  any  increased  highway 
construction  and  maintenance  costs  for 
higher  load-capacity  roadways  only  to  those 
vehicles  that  could  and  would  use  such  in- 
creased load-carrying  capacities  built  into  a 
road  system.  Therefore,  the  increased  road- 
way costs,  occasioned  by  permitting  heavier 
axle  and  larger  gross  weight  limits,  might  not 
be  justified  because  of  possible  insufficient  use 
by  vehicles  carrying  heavier  loads.^ 

Widths  and  Heights 

During  the  1959  truck  weight  study,  the 
widths  of  cargo  vehicles  less  than  7  feet  wide 
and  heights  of  cargo  vehicles  less  than  10  feet 
high  were  not  recorded  in  most  States. 
Measurement  figures  were  recorded  for  cargo 
vehicles  of  these  dimensions  and  larger. 
In  1959,  Connecticut  and  Rhode  Island  per- 
mitted widths  of  8.5  feet  but  all  other  con- 
tinental States  limited  widths  to  8  feet, 
exclusive  of  safety  equipment.  Out  of  all  the 
continental  States  studied,  2  had  no  height 
limitations,  2  specified  14.0  feet,  26  specified 
13.5  feet,  2  specified  13.0  feet,  and  17  speci- 


fied 12.5  feet.  Thus,  30  States  in  1959 
permitted  heights  of  13.5  feet  or  more.  As 
of  December  31,  1961,  44  of  the  continental 
States  had  height  limitations  of  13.5  feet  or 
more  and  5  retained  the  limitation  of  12.5  feet. 
Because  of  the  trend  toward  the  8-foot 
width  and  13.5-foot  height,  measurements 
taken  at  truck  weight  stations  have  been 
tabulated  to  show  measurements  in  excess  of 
these  two  modal  figures.  Some  of  the  figures 
showing  measurements  greater  than  the  per- 
mitted widths  and  heights  probably  may  be 
ascribed  to  special  permit  loads  and  to  the 
mounting  of  tires  larger  than  the  10.00X20 
size.  When  11.00X20  and  larger  size  tires 
are  placed  on  highway  freight  vehicles  having 
body  widths  of  exactly  8  feet,  frequently  as 
much  as  2  inches  of  tire  may  project  beyond 
the  body  frame  on  each  side.  With  this  in 
mind,  width  measurements  were  separated 
into  intervals  of  8.0  to  8.3  feet  (8  feet  3.6 
inches),  8.4  to  8.5  feet,  8.6  to  9.0  feet,  and  9.1 
feet  and  over.  Although  approximately  10 
percent  of  the  total  of  the  trucks  having  six 
or  more  tires  and  the  trailer  combinations 
exceeded  the  8-foot  width  limitation,  only 
about  1  percent  of  the  total  of  these  vehicles 
exceeded  the  width  of  8  feet  3.6  inches  (8.3 
feet),  as  shown  in  table  11.  Approximately 
0.3  percent  of  all  trailer  combinations  and 
trucks  having  six  or  more  tires  were  more  than 
13.5  feet  high.  More  of  the  3-S2  combina- 
tions exceeded  this  height  than  any  other 
type  of  vehicle,  as  shown  in  table  12. 
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Table  8. — Average  loaded  weights  of  trailer  combinations  bv  length  and  type  of  cargo  body, 

46  States,  1959 


Trailer  body  length 

Flatbed 

Van 

Log 

Dump 

Tank 

3-2 

Feet 
Under  10.0                  ... .._.....       -.-._ 

Pounds 

Pounds 
20, 500 

Pounds 

Pounds 

74, 700 

Pounds 

75,700 
69, 900 
62, 300 
70.600 
67,  200 

66, 000 
72, 200 
71,200 
72, 800 
72,  600 

72, 300 
76,000 
78,500 
76, 000 

10.0-11.9.                   _- _ 

69, 400 

7\  100 
66,  900 
74, 400 

71,900 

73,  400 
65,  200 
74, 600 

12.0-13.9 

50, 800 
63, 700 
64, 600 

68, 700 
68, 900 
62, 100 
57,  600 
63,  000 

71,800 
46, 100 

57,600 

14.0-15.9 

30.  500 

48,  400 

62.  000 
57.  000 
51,600 
61.300 

67.  500 

68,  700 
16, 400 
50, 100 
47.  000 
74,  500 
59,  500 

20,  500 

16.0-17.9     .                

68,300 

75, 200 
77,  200 
74, 800 
88,  700 

18.0-19.9               .   .. -.- 

20.0-21.9 

22  0-23.9                                -   

24.0-25.9                     .- .- 

26  0-27  9 

28  0-29  9 

30  0-31  9 

32  0-33  9 

73,  800 

34  0-35  9 

36  0  37  9 

38  0  39  9 

60, 400 

68,  800 

73, 400 

55, 700 

46  0-47  9 

67,  Mill 

64,  500 

4g  o_49  9 

63,  Sllll 

45,  500 
23,  800 

56, 700 
111 

61,800 

66, 100 
322 

70, 000 

71,800 
31 

66, 600 

71,500 
527 

75,  200 
49 

Vehicles  weighed,..      

2-S 

1-2 

78.000 
66,800 

66,  300 
72, 600 
65,  200 

56,  200 

67,  600 
64.  500 
62,  600 

NA 
NA 
NA 
NA 

NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
\  \ 
NA 
NA 
NA 

NA 
NA 

12  0-13.9            ..      

72, 200 
61,  700 
48,  500 
62, 200 

59, 000 
57,100 
59,400 
69, 400 
47,  700 

74  000 
77,000 
78,000 
78, 600 

75,  700 
88,700 

58, 600 

:,i.  urn 
70, 200 
83, 000 

70,  800 
80, 200 

Ml,  61  III 

14  0-15.9                -   

16  0-17.9                       -- 

180-199                            -  -- -- 

20  0-21.9                        .....        .  .  . 

22  0-23  9                                 --- 

40, 400 

46,  500 

71,400 

59, 100 

65, 600 

84, 300 

61, 600 
185 

69,  300 

ix.OOO 
317 

,-  300 
125 

74,600 
79 
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Table  9. — Average  pay  load  weights  of  trailer  combinations  by  length  and  type  of  cargo  body, 

46  States,  1959 


Trailer  body  length 

Flatbed 

Van 

Log 

Dump 

Tank 

Auto 

Utility 

2-Sl 

Feet 
10  0-11  9 

Pounds 

Pounds 

Pounds 
19,600 
25,200 
23, 400 
23, 500 
23, 000 
28,  500 

26, 100 
16,800 
18,000 

Pounds 

Pounds 

Pounds 

Pounds 

12  0-13  9 

18, 800 
27. 000 
27, 300 
24, 700 
23, 300 

22,200 
23,  200 
21,200 
21,000 
15,100 
12,400 

14  0  15  9 

20, 700 
17,400 
13, 100 
16, 600 

14,500 
15,500 
17,200 
14,  600 
15, 000 
15,400 

12,  800 

13,  000 
13,500 

14,  200 
9,600 

13, 500 
15, 100 
11,900 
14, 000 

12,  500 
10,500 
11,000 
11,400 
10, 100 
10,200 

10,800 
11,  700 
11,600 
10,800 
11,700 
20.  600 

14,100 

16  0-17.9.  . 

9,700 
15,  200 
15,800 

15,  900 
19,  500 
20,200 
22,  500 
18,  200 
21,200 

21,900 

14, 000 

18  0-19  9 

17,900 
13,100 

20  0-21.9 

22  0-23  9 

24  0-25.9.  .       

12,200 
7,800 
14,  500 
15,400 
12,500 

14,  300 
15, 100 
14,  500 
13, 100 
13,  600 

16,  600 

16,100 
13,  200 
17,900 

17,  500 

14,600 
2,257 

9,200 
7,100 

12,800 
4,400 

10.  COO 

26  0-27.9.      

28  0-29  9                                   

300-31.9 

9,000 
17,700 

24,  500 

25,  400 
23,  700 
12,  700 

32.0-33.9 

34  0-35  9 

36  0  37  9 

19,000 

38  0-39.9                     ---   

14,500 

5,000 
19,  800 

40  0-41  9 

42  0-43  9 

44  0-45  9 

46  0-47  9                   

7,700 
6,600 

48  0-49  9                       

50  0-51  9 

15,000 
1,306 

10,800 
8,705 

23,  100 
252 

24, 100 
450 

18,800 
490 

9,300 
40 

2-S2 

160-17.9       - 

35,000 

27,  600 

28,  400 
29, 100 

29,  300 
30, 800 

28,  000 
31,200 

30,300 
28, 200 
30,900 
31,  700 

29,  700 

33,300 
35,  500 

32,  200 
34,  900 
31,  200 
31,900 
31,900 
28,  600 

28,  300 
30,  500 

33,  000 
33,  600 
31,000 
33,  800 
39,200 
30,  600 

30,  700 
1,519 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

18  0-19  9                  --- 

32,900 
19, 100 

24,  400 
21,000 
23,  700 

21,  300 
23,000 

23, 100 
22,300 
21,900 
21,800 

22,  400 
27,  200 
23, 300 
23,000 

22,  500 

25,  712 

20  0-21  9 

30,  000 
22, 900 
20,500 
23,200 
23, 100 
25,  700 

25,  400 
25,  200 
23,700 
23,300 

23,  700 

Jl.  HI  Ml 

23,200 
18,  200 

24,  700 
4,363 

22  0-23  9         --   

24  0-25  9                 .....   

26  0-27  9 

28  0-29.9        -   -   

27,  500 

300-31  9           

32  0-33.9       .. 

36,700 
31,  000 

34.0-35.9 

8,600 

5,400 

13,900 

22, 400 

36  0-37.9... - 

38.0-39.9 

34, 000 
30, 200 
32,  700 

40.0-41.9 

42.0-43.9 - 

44  0-45.9 

460-479       .-   -.-   

30,  700 

271 

30, 800 

2,  918 

15, 100 
39 

3-S2 

18.0-19.9 - 

41,300 
42,  700 
41,600 
34,  700 
40, 000 
34,  000 
44,  200 
38, 300 
35, 600 

39,300 
37, 600 
38,  600 
40,  200 
36, 100 
39,600 
41,800 

NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

200-21.9  .     -     ---   --   

28,  800 
35,  900 
32, 400 
33,900 
22,900 

23,  500 

24,  900 
27, 100 

26,700 

29,  700 
34,200 
311,(1011 
32,000 
44, 100 

28,500 
33, 300 
29,  000 
39,  Slid 
34,  900 
25,  900 

25,  300 

26,  800 

27,  600 
25,  600 
25,  600 

25,  700 

26,  500 
20,  200 
22,  400 
16,  400 
25,  900 

26,400 
8,059 

40, 000 

22.0-23.9.       

24.0-25  9.  . -    

26.0-27.9 

42, 500 

34,  200 
30,000 
27,  600 
33,  900 

39,  300 

31, 800 
38, 800 

40,  700 
39, 800 
40, 200 

28.0-29.9 

8,800 
17,600 
25,  300 
32,  000 

30.0-31.9 

51,  700 

32.0-33.9 

34.0-35.9... 

44,  400 

48, 100 
45,600 

360-37.9    

38.0-39.9  

40.0^11.9  ..  -  

42.0-43.9 

44.0-45.9 

46.0-47.9 

48.0-49.9 

50.0-51.9 

52  and  over 

Weigh  ted  average. 

Vehicles  weighed 

27,  800 
1,022 

46,500 
384 

40, 000 
481 

38,500 
1,084 

22,  700 
11 

3-2 

Weighed  average 

Vehicles  weighed  ...  

36,  700 
315 

28, 100 
91 

45,  500 
14 

44.  000 
43 

43,100 
515 

NA 
NA 

NA 
NA 

2-S1-2 

Weighted  average.  ..  

33,  600 
163 

25,  600 
300 

49,500            41,800 

122                      74 

NA 
NA 

NA 
NA 

Vehicles  weighed..  ...    . 
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Figure  16. — Distribution  of  loaded  gross  weights  by  lengths  of 
van  cargo  bodies  for  4-axle,  tractor  semitrailers  in  the  10,000- 
pound  weight  group. 
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Figure  17. — Distribution  of  loaded  gross  weights  by  lengths  of  van 
cargo  bodies  for  5 -axle,  tractor  semitrailers  in  the  10,000-pound 
weight  group. 
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Figure  18.— Distribution  of  gross  weights  by 
body  type  and  axle  classification  in  relation 
to  permitted  weight  limits. 
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TabhTlO.— Percentages  of  2-S1-2  and  3-2 
trailer  combinations  having  gross  weights 
of  more  than  80,000  pounds 


Cargo  bodies 

18  States  ' 

5  States  - 

2-S1-2  trailer  combinations: 

Percent 
6 

1 
7 

0 
0 

1 

Pent  at 
25 
16 
45 

23 

12 

Van                   

3-2  trailer  combinations: 

Van                 

Tank 

i  Percentages  given  are  for  States  where  maximum  legal 
weieht  was  71,000  to  76,000  pounds. 

2  Percentages  given  are  for  States  where  maximum  legal 
weight  was  78,000  pounds  and  more. 
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Figure  19. — Distribution  of  gross  weights 
by  body  type  and  axle  classification  in 
relation  to  permitted  weight  limits. 
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Figure  20. — Distribution  of  gross  weights 
by  body  type  and  axle  elassifieation  in 
relation  to  permitted  weight  limits. 
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» 


G«OSS  WEIGHT 


,  '"■' 


?o  -  J 


VEHICLE  CLASS 

3-2 

TANK 

71,000-76,000 

18  STATES 


-  GROSS     WEIGHT    I 


PERCENT  OF  LOAOED    VEHICLES    WEIGHED 

figure  21. — Distribution  of  gross  weights 
by  body  type  and  axle  classification  in 
relation  to  permitted  weight  limits. 
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Table  11. — Number  and  percent  of  single-unit  trucks  and   Lrailer  combinations  that  ex- 
ceeded 8  feet  in  width,  46  States,  1959 


Carp)  or  trailer  body  widths,  feet 


2-axle.  fi-tired  trucks: 

8.1-8.3 

8.4-8.5 

8.6-9.0 

9.1  and  over 

Over  8.0 

Over  8.3 


Total  measured.. 
Percent  over  8.0. 
Percent  over  8.3. 


3-axle,  single-unit  trucks: 

8.1-8.3 

8.4-8.5 --- 

8.0-9.0 

9.1  and  over 

Over  8.0 

Over  8.3 


Total  measured.  - 
Percent  over  8.0. 
Percent  over  8.3. 


2-S1: 

8.1-8.3 

8.4-8.5 

8.6-9.0 

9.1  and  over. 

Over  8.0 

Over  8.3 


Total  measured.. 
Percent  over  8.0. 
Percent  over  8.3. 


2-S2: 

8.1-8.3 

8.4-8.5 

8.6-9.0 

9.1  and  over. 

Over  8.0 

Over  8.3 


Total  measured. . 
Percent  over  8.0. 
Percent  over  8.3. 


3-S2: 

8.1-8.3 

8.4-8.5 

8.6-9.0 

9.1  and  over. 

Over  8.0 

Over  8.3 


Total  measured.. 
Percent  over  8.0. 
Percent  over  8.3. 


2-S1-2: 

8.1-8.3 

8.4-8.5 

8.6-9.0 

9.1  and  over. 

Over  8.0 

Over  8.3 


Total  measured.. 
Percent  over  8.0. 
Percent  over  8.3. 


3-2: 

8.1-8.3 

8.4-8.5 

8.6-9.0 

9.1  and  over. 

Over  8.0 

Over  8.3 


Total  measured .  - 
Percent  over  8.0. 
Percent  over  8.3. 


Other  trucks: 
Panels  and  pickups,  4-tired 
2-axle,  4-tired 


Other  combinations: 

2-1 

2-2 

2-S2-2 

3-S1-1 

3-S3-2 


TOTAL  MEASURED.. 

7  vehicle  classes  . 

Over  8.0 

Over  8.3 


Percent  over  8.0. 
Percent  over  8.3. 


Flat- 
bed 


712 
61 
57 
32 
862 
150 

11,354 
7.6 
1.3 


146 

14 

17 

7 

184 
38 

1.215 
19.2 
4.0 


229 
18 
23 
17 

287 
58 

2, 189 
13.1 

2.  6 


807 
67 
37 
27 
938 
131 

7.321 

12.8 

1.8 


278 
15 


342 
64 

1.652 

20,  7 

3.9 


45 
9 

265 
17.0 
3.4 


105 
1 
1 
1 

10H 
3 

478 
22.  6 
0.6 


268 

201 


75 
78 

NA 

NA 

NA 


25.096 

24,  474 

2.766 

453 

11.3 

1.9 


Van 


1,905 

84 

41 

8 

2.  038 

133 

31,146 
6.5 

0.4 


125 
5 
1 
1 

132 


1.523 
8.7 
0.5 


1,148 

43 

20 

5 

1,216 
68 

12, 167 
111.  1 
0.6 


3. 161 

85 

51 

8 

3,  305 

144 

34,  405 
9.6 

0.4 


890 

10 

8 

3 

911 

21 

9,593 
9.5 
0.2 


71 
1 

394 
is,  0 
0.3 


30 


200 
15.0 


614 
1,598 


NA 

NA 
53 
54 
55 


111,  sir.' 

89.  428 

7,703 

374 

8.6 
0.4 


Log 


10 
3 

1 

14 

4 

573 

2.4 
0.7 


63 

8 

418 
15.1 
1.9 


42 
6 
2 
3 
53 
11 

488 
10.9 
2.3 


74 
16 
5 
3 
98 
24 

487 

20.2 

5.0 


90 

15 

21 

6 

132 


671 

20.1 

6.4 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


37 
13.5 
8.1 


NA 
NA 


NA 
NA 

NA 
NA 
NA 


2.  674 

2,674 

365 

92 

13.6 
3.4 


Dump 


255 
9 
13 
5 
282 
27 

7,081 
4.0 
0.4 


339 

17 

19 

1 

376 
37 

2,685 

14.0 

1.4 


Tank 


794 
8.4 
0.3 


225 
6 
4 
1 

236 
11 

2,411 


77 
9 

693 

11.1 

1.3 


33 
1 

223 

14.8 
0.4 


44.7 
1.3 


NA 
NA 


NA 
NA 
NA 
NA 
NA 


13. 963 
13,963 
1,105 


7.9 
0.6 


87 
111 
0 
3 
106 
19 

,151 
3.3 

0.6 


29 
18 

261 
11.2 
6.9 


104 
9 
1 


114 
10 


12.8 
1.1 


895 
64 
28 
2 

989 
94 

7.073 

14.0 

1.3 


97 
6 

1 

106 
9 

,065 
5.1 
0.4 


49 
3 

152 

32.2 

2.0 


164 
4 


168 
4 

942 
17.8 
0.4 


NA 
NA 


NA 
NA 
NA 
NA 
NA 


14. 536 

14, 536 

1,561 

157 

10.7 
1.1 


Auto 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 


360 
11 

7 


378 
18 

3,943 
9.6 
0.5 


1 

10 
3 

79 
12.7 
3.8 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 


NA 
NA 
NA 
NA 
NA 


4.022 
4,  022 


9.6 
0.5 


Con- 
crete 


11 
3 

87 
12.6 
3.4 


143 
24 
18 

1 
186 
43 

923 

20.2 
4.7 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 


NA 
NA 


NA 
NA 
NA 

NA 
NA 


1.010 

1,010 

197 

46 

19.5 
4.6 


Utility 


.531 
5.0 
0.8 


24 

15 

8 

49 
25 

232 
21.1 
10.8 


7 
1 

71 
9.9 
1.4 


5 
1 
1 
4 
11 
6 

49 
22.4 
12.  2 


1 
5 
9 
6 

30 
40.9 
27.3 


NA 

NA 

NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 


NA 
NA 
NA 
NA 
NA 


2,165 

1,913 

154 

50 

8.1 
2.6 
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Table    12.— Number   and   percent   of  single-unit   trucks   and    trailer   combinations    that 
exceeded  13.5  feet  in  height,  46  States,  1959 


APPENDIX  I 


Cargo  or  trailer  body  heights,  feet 

Flat- 
bed 

Van 

Log 

Dump 

Tank 

Auto 

Con- 
crete 

Utility 

Total 

2-axle,  6-tired  trucks: 

13.6  to  14.0 

17 

5 
29 

11,354 
0.3 

1 

2 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 

NA 
NA 

34 
10 

1 
45 

3,943 
1.1 

5 
2 

19 
8 
6 

33 

54, 923 
0.1 

8 

14.1  to  14. 5 

1 

1 
2 

31,146 

14. 6  and  over 

13.6  and  over.. 

573 

2 
7,081 

3,151 

Total  measured.. 

87 

1,531 

Percent  13.  6  and  over 

3-axle  trucks: 
13. 6  to  14.0 

2 

2 

3 

14.  lto  14.5 

14.  6  and  over 

1 
1 

2,685 

261 

1 

9 

7,257 
0.1 

55 
11 

6 

72 

20, 544 
0.4 

58 
14 
22 
94 

51,825 
0.2 

155 
14 
31 

200 

14,  704 
1.4 

29 
3 

13.6  and  over 

1 

1,215 
0.1 

14 
1 
3 

18 

2,189 
0.8 

38 
12 
8 
58 

7, 321 
0.8 

34 

8 

21 

63 

1,652 
3.8 

3 

1 

2 

1,523 
0.1 

6 

2 

418 
0.5 

923 

NA 
NA 
NA 

NA 

NA 
NA 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 

NA 

NA 

NA 

NA 
NA 
NA 
NA 

NA 
NA 

3 

232 
1.3 

1 

1 

71 
1.4 

49 

1 

1 

2 

30 
9.1 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 

NA 

NA 

NA 

NA 

252 

Total  measured 

Percent  13. 6  and  over 

2— SI  ■ 

13.6  to  14.0 

14.  lto  14.5 

2 
8 

12, 167 
0.1 

11 

13.6 and  over _ . 

Total  measured 

Percent  13. 6  and  over 

488 

794 

892 

2-S2: 

13.6  to  14.0_ 

3 

1 

14.1  to  14.5 

14.6  and  over 

14 
25 

34, 405 
0.1 

105 
3 
5 

113 

9,593 
1.2 

26 
2 

13.6  and  over- 

3 

487 
0.6 

11 
3 
3 

17 

671 
2.6 

NA 
NA 
NA 
NA 

NA 
NA 

1 
2,411 

7,073 

7 

79 
8.9 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 

NA 
NA 
NA 
NA 
NA 

Total  measured        

Percent  13.6  and  over _. 

3-S2: 

13.6  to  14.0 — 

3 

1 

14.1  to  14.5 

14.6  and  over 

1 

4 

693 
0.6 

1 
2,065 

13.6  and  over .. 

Total  measured 

2-S1-2: 
13.6  to  14.0. : 

14.1  to  14.5 

13.6  and  over 

4 

265 
1.5 

28 

394 

7.1 

1 
2 

32 

1,034 
3.1 

1 

2 

Total  measured 

223 

152 

Percent  13.6  and  over 

3-2: 

13.6  to  14.0 

14.1  to  14.5- 

3 

200 
1.5 

614 
1,598 

NA 

NA 

53 

54 

55 

3 

1,733 

0.2 

1,134 
1,799 

75 
78 
53 
54 
55 

478 

37 

76 

942 

Other  trucks: 

268 
201 

75 

78 

NA 

NA 
NA 

2-axle,  4-tired .       

Other  combinations: 
2-1 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

2-2 

2-S9-2 

3-S1-1 _._ 

3-S3-2... 

TOTAL   MEASURED         _    

25, 096 

24,474 

173 

0.7 

91,802 

89, 428 

181 

0.2 

2,674 

2,674 

22 

0.8 

13, 963 

13, 903 

8 

0.1 

14,  536 

14,  536 

1 

4,022 

4,022 

52 

1.3 

1,010 
1,010 

2,165 

1,913 

6 

0.3 

155,  268 

152, 020 

443 

0.3 
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Legal  Maximum  Semitrailer 
Lengths  and  Possible  Permit- 
ted Lengths 

The  following  data  show  the  legal  maximum 
length  of  semitrailers  and  the  possible  permit- 
ted lengths'  calculated  from  the  legal  lengths 
for  tractor  semitrailers  in  the  Continental 
United  States.2 

Number  of  States  and  maximum  legal 
length  limits  for  semitrailers  as  of  May  1, 
1957  and  July  1,  1962  were,3.*  as  follows: 


1962 


Number  of  si, it,* 
1957 

15 
1 
6 
1 
3 
0 
1 


Semitrailer 

length, 

feet 

(W.  Va.)     ....  35 

(Ga.) 39K 

40 

42 

45 

50 

55 


The  following  list  shows  the  number  of 
States  that  prescribed  length  limits  on  the 
tractor  semitrailer,  and  the  calculated  maxi- 
mum possible  for  semitrailers. 


Number  of  States 


1957 
2 
1 

13 
0 

4 


1962 

0 
0 
17 
5 
6 
2 


Tractor 
semitrailer 
length,  feet  5 

. .  45  . . 

.  .  48  . . 

.  .  50   . . 

.  .  55   . . . 

.  .  60 

.  .  65   .  . . 


Calculated 

semitrailer 

length, 

feet 

..  38 

.  .  41 

.  .  43 

.  .  48 

. .  53 

.  .  58 


As  shown,  in  1957  semitrailers  40  feet  long 
were  permitted  in  six  States,  and  by  1962 
twelve  States  permitted  semitrailers  of  this 
length.  Semitrailers  more  than  40  feet  long 
were  permissible  in  25  States  in  1957  and  in 
35  States  by  1962. 


1  In  States  where  there  are  no  restrictions  on  length  of  semi- 
trailers  the  maximum  possible  length  (van  bodies)  was 
assumed  to  be  7  feet  less  than  the  permitted  tractor  semi- 
trailer combination  length.  Automobile  transport  bodies 
may  exceed  these  lengths  when  an  automobile  is  carriod 
above  the  tractor  cab,  a  practice  that  is  permitted  in  most 
States. 

2  Includes  District  of  Columbia,  making  49. 

3  From  Summary  of  Size  and  Weight  Limits  and  Reciprocity 
Authority  (By  Regions),  in  Effect  as  of  May  1, 1957,  American 
Trucking  Assoc,  Inc. 

*  From  Summary  of  Size  and  Weight  Limits  and  Reciprocity 
Authority  (By  Regions)  in  Effect  as  of  July  1, 196S,  American 
Trucking  Assoc,  Inc. 

6  Nevada  had  no  restrictions  on  length  of  tractor  semi- 
trailer. 
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Summary  Analysis  of  Reports  on 
State  Highway  Department  Management 


BY  THE  ECONOMIC  RESEARCH  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


by  PRISCILLA  FAMOUS,  Management  Analyst, 
Administrative  Research  Branch 


No  single  type  of  organization  structure  is  best  for  all  State  highway  depart- 
ments, according  to  the  conclusion  reached  from  an  analysis  of  76  management 
reports  summarized  in  this  article.  However,  the  information  developed  from 
these  reports,  including  notation  of  the  types  of  structural  organizations  most 
often  inefficient,  should  be  of  interest  to  those  concerned  with  directing  and 
managing  the  organization  of  State  highway  departments.  Interest  in  these 
organizational  structures  has  developed  as  a  result  of  the  attention  being  focused 
on  the  necessity  for  a  transportation  system  adequate  to  promote  and  meet  the 
needs  of  economic  growth,  and  for  the  wisest  possible  use  of  the  large  sums  of 
money  being  appropriated  for  highway  construction. 

This  summary  analysis  of  the  findings  and  recommendations  of  consultants, 
committees,  and  others  engaged  to  survey  the  management  of  State  highway 
departments  should  be  useful  as  a  guide  for  highway  administrators  in  evaluat- 
ing their  organizations  and  highway  researchers  in  outlining  further  studies  in 
this  area. 


Introduction 

THE  EXPANSION  of  highway  operations 
in  recent  years,  and  the  accompanying  in- 
creases in  personnel  and  amounts  of  money 
spent  for  highway  activities,  have  focused  the 
attention  of  highway  administrators  on  the 
necessity  of  applying  to  highway  administra- 
tion the  best  management  practices  and 
procedures  available.  Many  of  the  State 
highway  departments  have  made  studies 
concerning  their  organizational  and  manage- 
ment needs.  This  article,  an  analysis  of  the 
resultant  reports,  serves  to  determine  the 
problem  areas  within  the  highway  organiza- 
tions and  to  indicate  those  areas  most  often 
inefficient.  This  analysis  of  the  findings  and 
recommendations  made  to  improve  the  areas 
examined  will  be  useful  as  a  guide  to  highway 
administrators  in  appraising  their  own  organ- 
izations and  to  highway  researchers  in  out- 
lining a  program  of  research  studies. 

The  material  presented  here  is  primarily 
concerned  with  the  structural  organization 
for  highway  administration.  The  functional 
areas  of  highway  operations  are  not  discussed 
except  when  necessary  to  emphasize  the 
structural  concept.  Recommendations  as  to 
the  duties  and  responsibilities  of  either  the 
organizational  units  or  the  assigned  personnel 
are  not  discussed  except  in  general  terms. 

In  addition  to  reports  exclusively  on  man- 
agement, analysis    also  was  made  of  studies 
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or  surveys  concerned  with:  (1)  highway 
needs,  engineering,  and  financing;  (2)  State 
government  reorganization;  and  (3)  reorgan- 
ization of  the  executive  offices  of  State  govern- 
ment. Studies  made  by  private  and  civic 
organizations  interested  in  highway  affairs 
were  also  included  in  the  analysis.  Any 
relevant  discussions  of  State  highway  opera- 
tions in  the  reports  examined  have  been 
included.  The  findings  presented  here  repre- 
sent information  and  recommendations  from 
76  selected  reports  '  involving  41  States  and 
the  District  of  Columbia.2  Not  all  of  the 
problem  areas  discussed  are  covered  in  each 
of  the  reports. 

All  but  two — one  in  1935  and  one  in  1941 — 
of  the  76  studies  analyzed  were  made  during 
the  period  1947-62:  11  in  1952;  10  each  in 
1948  and  1950;  7  in  1954;  6  in  1953:  5  each 
in  1949,  1955,  and  1956;  and  1  to  4  in  each  of 
the  other  years. 

Fifty-five  of  the  studies  were  authorized  by 
legislative  enactment,  resolution,  or  request; 
eight  were  made  at  the  request  of  the  respec- 
tive highway  authorities;  and  five  were  re- 
quested by  the  governor  of  the  State  surveyed. 
The    authority    for    making    the    remaining 


1  For  listing  of  reports  examined  see  pp.  290-292. 

2  For  the  purposes  of  this  analysis  the  District  of  Columbia 
has  been  treated  as  a  State. 


studies  is  not  clear.  The  surveys  were  made 
or  directed  by  legislative  investigative  com- 
mittees and  commissions,  State  universities, 
management  consultants,  and  some  by  the 
highway  authority.  Most  of  the  reports 
analyzed  are  in  the  library  of  the  Bureau  of 
Public  Roads;  those  not  in  the  Bureau's 
library  are  in  the  libraries  of  the  Highway 
Research  Board,  National  Highway  Users 
Conference,  or  the  Library  of  Congress. 

Reasons 

The  reasons,  as  stated  in  the  reports,  for 
making  or  having  the  surveys  made  are  nearly 
as  varied  as  the  number  of  studies  represented. 
Some  of  the  broader  reasons  given  were:  to 
establish  highway  needs;  to  investigate  rela- 
tionships between  the  State  and  subdivisions; 
to  remove  the  division  of  highways  from  the 
State  department  of  public  works;  to 
strengthen  basic  organization  of  highway 
department;  to  establish  a  true  highway  de- 
partment in  law;  and  to  meet  present  highway 
problems. 

More  specific  reasons  for  recommending 
changes  in  the  organization  include:  to  sepa- 
rate policy  making  and  administrative  func- 
tions, to  assure  continuity  in  policy,  adminis- 
tration, and  employment,  and  thus  stabilize 
the  organization;  to  eliminate  duplication  of 
operations  and  overlapping  jurisdictions;  to 
require  the  commission  and  its  engineering 
organization  to  function  on  a  State-wide  basis; 
to  improve  performance  in  the  area  of  con- 
struction and  maintenance;  to  establish 
definite  lines  of  authority;  to  permit  firm 
direction;  to  give  the  highway  administrative 
organization  constitutional  status  in  order  to 
bar  the  legislature  from  making  radical 
changes;  to  prevent  the  governor  from  chang- 
ing entire  complexion  of  commission;  to 
eliminate  injection  of  politics  into  highway 
programs;  to  meet  standards  for  good  admin- 
istration; and  others  of  a  similar  expression. 

No  investigation  was  made  in  the  analysis 
presented  here  to  determine  whether  any  of 
•the  recommendations  presented  by  the  reports 
have  been  adopted  either  by  law  or  adminis- 
trative action.  Highway  organization  and 
management  investigations,  in  some  States, 
are    a    continuous    operation.     In    addition, 
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at  the  present  time  (November  1963),  eight 
State  highway  departments  have  underway 
research  programs  approved  by  the  Bureau  of 
Public  Roads,  Office  of  Research  and  Develop- 
ment, concerning  either  the  organization  of 
the  highway  department  or  one  of  the  manage- 
ment operations  such  as  concurrent  audit, 
personnel,  performance  budgeting,  training, 
and  the  critical  path  method  of  scheduling 
operations. 

Summary 

The  criticisms  and  recommendations  made 
in  the  management  reports  analyzed  tend  to 
support  the  opinion  of  many  that  no  one  type 
of  organizational  structure  is  best  suited  for 
State  highway  administration.  On  the  basis 
of  the  studies  analyzed,  a  conclusion  has  been 
reached  that  the  dominant  trend  recommended 
for  highway  organization  is  for  the  adminis- 
trative commission  form  of  management 
to  be  modified  or  replaced  entirely  by  a  policy- 
making commission  or  an  advisory  commission, 
each  with  a  chief  administrative  officer  who  is 
not  a  member  of  the  commission.  The 
analysis  also  indicates  that  management 
consultants  are  favoring  the  organization  of 
highway  departments  under  two  major  staff 
units  or  functional  areas — administrative 
(nontechnical)  and  engineering  (technical). 
Other  recommendations  point  up  the  need  for 
tightening  the  organization  by  eliminating 
units  not  directly  related  to  highways,  inte- 
grating or  combining  separate  but  related  func- 
tions, and  placing  authority  for  the  operations 
of  the  highway  department  in  the  hands 
of  responsible  personnel. 

Top    Administrative    Organization 

Some  discussion  of  the  top  or  upper  echelon 
of  the  organizational  structure  of  31  State 
highway  agencies  was  included  in  51  of  the  76 
management  studies  investigated.  The 
changes  recommended  are  treated  in  the 
following  paragraphs. 

Name  of  highway  agency 

It  was  recommended  by  16  studies  or 
reports  that  the  name  or  title  of  the  State 
agency  administering  highway  affairs  be 
changed.  Some  of  the  title  changes  reflect 
recommendations  for  change  in  the  type  of 
administrative  organization,  such  as  removal 
of  the  highway  function  from  a  department  of 
public  works  and  creation  of  a  department  of 
highways.  Other  changes  appear  to  have  been 
recommended  only  to  indicate  a  modification 
of  the  existing  organization  or  to  establish  in 
law  a  department  of  highways  as  distinguished 
from  the  State  highway  commission  and  thus 
separate  the  policy-making  group  from  the 
operating  organization.  Recommended  title 
changes  are  listed  in  table  1. 

Form  of  organization 

Of  the  51  reports  concerned  with  top 
management,  37  suggested  a  change  in  the 
form  or  type  of  highway  department  organiza- 
tion. Eighteen  reports  proposed  the  estab- 
lishment of  a  policy-making  body  with  an 
administrator  or  director  to  carry  out  the 
policy.     One  of  the  reports,  as  an  alternative 
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to  the  appointment  of  a  policy-making  body, 
suggested  that  a  single  executive  make  the 
policy  and  that  it  be  administered  by  the 
chief  engineer.  Six  of  the  reports  suggested 
that  the  activities  of  the  established  body  be 
limited  by  law  to  policy  making  or  that  the 
policy-making  and  administrative  responsi- 
bilities of  the  administrator  be  fixed  by  law. 

Eleven  reports  proposed  the  establishment 
of  an  advisory  board  or  commission  to  advise 
the  administrator  or  director  of  highway 
activities.  Two  of  these  reports  suggested 
that  the  division  of  duties  and  responsibilities 
between  the  board  or  commission  and  the 
administrative  officer  be  set  forth  in  law,  and 
one  recommended  that  the  board  be  advisory 
in  "the  strict  sense  of  the  law."  Five  of  the 
reports  suggested  that  the  advisory  board  be 
in  addition  to  the  single-executive  type  of 
organization  already  established.  Another 
report  recommended  two  advisory  units — one 
for  traffic  and  one  for  parking.  Three  reports 
suggested  that  the  highway  organization  be  of 
the  commission-director  type,  but  did  not 
specify  whether  the  body  was  to  be  policy- 
making or  advisory.  Two  reports  recom- 
mended that  the  administrative  type  of 
commission  be  abolished  and  a  single  executive 
be  appointed  to  administer  highway  affairs. 

One  report  proposed  that  the  department 
be  placed  within  the  Department  of  Public 
Works;  and  another  that  the  Division  of 
Highways  be  removed  from  the  Department 
of  Public  Works  and  be  given  departmental 
status  in  the  State,  and  that  the  advisory 
board,  already  provided  for  by  law  but  to 
which  appointments  have  not  been  made  in 
recent  years,  be  reactivated. 

Of  the  remaining  51  reports,  10  recom- 
mended that  no  change  be  made  in  the  type 
of  existing  organization,  and  four  made  no 
recommendation  on  the  type  of  administra- 
tive organization.  Although  no  changes  were 
recommended,  three  of  these  reports  suggested 
that  the  highway  commission  should  be 
charged  by  law  with  policy-making  functions 
and  not  have  administrative  or  operating 
functions;  and  one  report  suggested  that  the 
requirement  for  highway  commission  members 
to  serve  full  time,  which  in  reality  they  did  not 
do,  be  removed  from  the  law. 

Responsibility  for  highway  operations  in 
the  States  at  the  time  of  this  study  was 
vested  in  different  types  of  organizations. 
The  head  of  the  highway  department  in  19 
States  is  a  single  executive,  usually  titled 
State  highway  commissioner  or  director,  who 
is  both  the  chief  executive  and  administrative 
officer.  In  three  of  these  States  the  law 
provides  for  a  commission  to  advise  the 
single  executive  on  the  business  of  the 
department. 

The  other  31  States  each  have  a  highway 
board  or  commission.  In  10  of  these  States 
the  chairman  of  the  board  or  commission  is 
the  administrative  officer;  14  States  employ  a 
director,  who  is  neither  a  member  of  the  board 
or  commission  nor  chief  engineer,  to  be  the 
administrative  head ;  and  in  7  States  the  chief 
engineer  is  the  chief  administrative  officer. 
The  division  of  authority  and  responsibility 
between  the  board  or  commission  and  the  ad- 


ministrative officer  is  usually  provided  f< 
the  law. 

Members  on  board  or  commission 

lleeommendations  as  to  the  number  of 
members  that  should  serve  on  highway  boards 
or  commissions  were  made  in  19  of  the  51 
reports,  as  follows: 

No.  of  reports  Members 

2 12 

1 10 

1 9 

1 8 

3 7 

1 6 

4 5 

3 3 

1 Not  to  exceed  7 

2 "Small  number" 

Two  of  the  51  reports  suggested  that  the 
commission  be  abolished  and  a  single  executive 
be  appointed  to  administer  highway  affairs;  16 
recommended  that  no  change  should  be  made 
in  the  number  of  members  on  the  highway 
board  or  commission;  and  14  studies  expressed 
no  opinion  on  the  subject. 

Selecting  officials 

Some  reference  to  the  method  of  selecting 
board  and  commission  members  or  single  ex- 
ecutive officers  was  made  in  26  reports.  All 
reports  proposed  that  such  appointments  be 
made  by  the  governor.  However,  ten  recom- 
mended that  the  appointments  be  given  some 
form  of  senate  approval,  and  one  recom- 
mended confirmation  by  the  governor's  ad- 
visory council. 

Four  reports  recommended  that  commission 
members  be  appointed  on  the  basis  of  district 


Table  1. — Recommended  title  changes 


Num- 

Title  of   highway 

ber  of 

agency  at  time 

Recommended  title 

reports 

study  was  made 

2 

State    Highway    De- 

Department of  Public 

partment. 

Works. 

1 

Department  of  High- 

Department of  High- 

ways. 

ways  and  '1  railic. 

1 

State     Highway  Ad- 

State Highway  Com- 

visory Board. 

mission. 

1 

State  Highway  Com- 
mission. 

Board  of  Highways. 

3 

State  Highway  Com- 

Department of  High- 

mission. 

ways. 

1 

State  Highway  Com- 

State    Highway   De- 

mission. 

partment. 

1 

State  Roads  Commis- 

Department of   State 

sion. 

Roads. 

1 

State     Engineering 

rublic     Works  Com- 

Commission.' 

mission,  Division  of 
,  ays. 

1 

State     Engineering 

State    Highway    De- 

Commission.1 

partment. 

1 

State    Highway   and 

State  Highway  Com- 

Public Works  Com- 

mission. 

mission. 

3 

Department  of  Public 

Department  of  High- 

Works. 

ways. 

i  The  members  of  the  State  Eneineering  Commission 
composed  the  membership  of  the  State  Highw  ly  Commis- 
sion.    Reports  proposed  the  establishment  of  a  new  depart- 
ment of  State  government. 
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or  si  aphical  areas;  and  eight  ad- 

\  is.  .  appointment  at-large,  one  of  these  fur- 
ther recommended  that  no  two  persons  from 
the  same  county  be  members  at  any  one  time. 
Twi  amended  that  the  appoint- 

ments be  made  on  a  nonpartisan  basis;  one 
on  a  bipartisan  basis;  one  that  no  more  than 
two  members  of  the  three-member  advisory 
body  be  of  the  same  political  party;  and  in 
the  report  that  recommended  a  twelve-member 
commission  appointed  at  large,  it  was  stated 
that  not  more  than  seven  members  should  be 
of  the  same  political  affiliation.  Although  two 
reports  did  not  make  specific  recommenda- 
tions, they  pointed  out  that  an  official's  in- 
terest should  be  as  broad  as  his  field  of  respon- 
sibility and  that,  therefore,  representation  on 
highway  commissions  should  be  on  a  State- 
wide, nonpartisan  basis. 

Tenure  of  highway  officials 

The  tenure  of  members  of  advisory  and 
policy  making  boards  and  of  single-executive 
officers  was  discussed  in  25  of  the  51  reports 
in  which  recommendations  were  made  concern- 
ing the  top  administration  of  State  highway 
departments.  Terms  suggested  vary  from  3 
to  10  years,  as  shown  by  the  following  list  of 
number  of  reports  and  recommended  terms: 
One,  3  years;  two,  4  years;  three,  5  years;  six, 
6  years;  one,  8  years;  two,  10  years;  one,  not 
less  than  4  .years;  one,  not  less  than  6  years; 
one,  at  the  pleasure  of  the  governor  but  long 
enough  to  give  opportunity  to  become  ac- 
quainted with  work;  two,  no  change  in  term 
(term  was  2  years  in  one  case,  the  other  6 
years,  both  staggered) ;  four,  not  specified  in 
years. 

In  19  of  the  reports  that  discussed  tenure, 
recommendation  was  made  that  the  terms  of 
commission  members  be  staggered  in  order 
to  provide  continuity  of  policy,  eliminate 
political  domination,  and  ensure  stability  of 
purpose.  In  connection  with  tenure,  six  re- 
ports made  recommendations  regarding  the 
removal  of  highway  officials,  as  follows: 
Three,  by  governor  for  cause;  one,  for  cause 
after  hearing;  one,  for  cause  after  determina- 
tion by  district  court;  and  one,  subject  to 
removal  for  cause. 


Chief   Administrative    Officer 

Of  the  76  reports  reviewed  28  made  recom- 
mendations concerning  the  chief  administra- 
tive officer  of  the  respective  State  highway 
agencies.  Different  titles  are  assigned  to 
the  officer  charged  with  the  administration  of 
highway  affairs,  and  no  particular  title  can  be 
associated  wit  h  a  specific  type  of  organization. 
The  following  list  shows  the  distribution  of 
titles  recommended  in  these  28  reports;  a 
recommended  title  did  not  necessarily  mean 
a  change  in  title:  15,  Director  of  Highways, 
Director  of  Highway  Department,  Highway 
Director,  or  Director;  4,  Commissioner  of 
Highways;  1,  Superintendent  of  Public  Roads; 
1,  Director  of  Road  Policy  Board;  2,  State 
Highway  Engineer;  2,  Chief  Engineer;  and  3, 
title  not  specified. 


Where  the  title  for  the  administrator  was 
not  specified,  one  report  suggested  that  the 
official  be  someone  other  than  the  chairman 
of  the  road  board;  one  suggested  that  the 
administrative  authority  not  rest  in  the  chief 
engineer,  whose  principal  responsibility  was 
to  direct  operations,  but  that  the  secretary  of 
the  commission  be  named  administrative 
officer  or  that  the  office  of  administrator  be 
created;  and  one  specified  that  the  appointee 
be  a  "top  flight  administrator."  When  the 
State  highway  engineer  was  recommended  as 
the  chief  administrative  officer,  one  report  also 
recommended  that  his  authority  be  redefined 
so  that  his  office  would  be  the  clearing  house 
for  all  matters  below  the  policy-making 
board. 

Further  recommendations  concerning  the 
chief  administrative  officer  were  made  in 
three  reports:  one,  that  the  director  be  a 
member  of  the  road  policy  board  and  the 
only  member  to  work  full  time;  another,  that 
the  director  of  the  highway  department  also 
be  the  chairman  of  the  State  highway  com- 
mission; and  the  third,  that  something  be  clone 
to  remove  the  director  from  the  area  of  policy- 
making where  by  law  he  has  the  right  to  vote 
in  a  tie  upon  matters  coming  before  the 
commission. 

Method  of  selection 

Selection  and  appointment  of  the  chief 
administrative  officer  usually  is  within  the 
authority  of  the  commission  or  the  governor. 
Although  specific  appointing  authority  was 
not  suggested  in  all  of  the  28  reports,  except 
for  two  some  indication  was  made  as  to 
where  the  authority  should  be.  The  following 
list  shows  the  appointing  authority  suggested 
or  the  location  of  the  authority  indicated  and 
the  number  of  reports  showing  each:  Com- 
mission, 13;  governor,  8;  commissioner  or 
governor,  1 ;  should  be  responsible  to  the 
commission,  3;  should  serve  directly  under  the 
board,  1 ;  and  not  specified,  2. 

Three  reports  suggested  qualifying  the 
authority  of  the  governor  to  select  the 
administrator:  One  by  requiring  that  the 
appointment  be  made  with  the  consent  of  the 
senate;  another,  by  requiring  that  the  ap- 
pointment be  confirmed  by  the  council;  and 
the  third  by  requiring  confirmation  of  the 
appointment  by  the  senate.  Two  reports 
suggested  that  appointing  authority  of  the 
commission  be  qualified  by  requiring  the 
appointment  to  be  made  with  the  approval 
of  the  governor.  * 

Tenure 

The  tenure  of  the  chief  administrative 
officer  was  not  a  subject  of  major  concern  to 
the  investigators  making  the  surveys.  Of  the 
28  reports  only  two  recommended  a  term  in 
years;  the  others  made  no  reference  to  term 
or  left  the  question  of  tenure  with  the  appoint- 
ing authority.  Tenure  was  suggested,  as 
follows:  4  years,  2  reports;  at  the  pleasure  of 
the  commission,  7  reports;  at  the  pleasure  of 
the  governor,  4  reports;  and  none  specified, 
15  reports.  One  of  the  reports,  which  recom- 
mended a  4-year  term,  specified  that  the 
appointee  be  a  "career"  official. 


Highway    Organization   at    the   Staff 
Level 

The  data  with  respect  to  the  staff  level  of 
highway  organizations  is  varied.3  Some  re- 
ports recommended  a  general  reorganization 
of  the  department,  others  the  addition  of  a 
major  unit,  and  still  others  the  removal  or 
consolidation  of  units.  All  significant  recom- 
mendations made  in  the  43  reports  that  are 
concerned  with  organization  or  reorganiza- 
tion at  the  staff  level  are  included  under  the 
subsequent  headings.  There  are  33  States 
represented  by  the  43  reports. 

Reasons  for  changes 

The  reasons  for  changes  in  staff  level 
organization  are  many,  and  have,  from  the 
benefit  hoped  to  be  achieved,  been  grouped 
under  five  headings.  Sometimes  a  report 
gave  more  than  one  reason.  Of  the  43 
reports,  35  gave  reasons  as  follow  for  making 
recommended  changes  in  organization:  Es- 
tablish specific  responsibility,  15  reports; 
consolidate  like  activities,  11  reports;  make 
orderly  improvement  in  the  administration 
of  State  and/or  highway  affairs,  12  reports; 
remove  from  the  highway  department  activi- 
ties unrelated  to  highways,  2  reports;  and 
minimize  political  influence,  1  report. 

Under  the  broad  heading,  "establish  specific 
responsibility,"  are  such  terms  as:  "fix  lines 
of  authority,"  "permit  firm  direction,"  "sep- 
arate policy  making  from  administration," 
and  "relieve  chief  engineer  of  administrative 
duties;"  under  the  heading,  "consolidate  like 
activities,"  are  "reduce  reporting  heads," 
"eliminate  waste,"  "strengthen  control,"  and 
"achieve  efficient  highway  administration." 
Under  "make  orderly  improvement  in  admin- 
istration, etc.,"  are  such  reasons  as  "modernize 
administration  organization,"  "take  care  of 
expanding  responsibilities,"  "better  manage- 
ment for  future  programs,"  and  "provide 
continuity  of  policy." 

Organizational  structure 

Of  the  43  reports  27  made  recommendations 
concerning  the  number  of  staff  units  or  divi- 
sions into  which  the  highway  department 
should  be  organized  for  the  purpose  of 
administering  highway  activities.  The  num- 
ber of  divisions  recommended  are  as  follows: 
Two,  16  reports;  three,  2  reports;  four,  2 
reports;  five,  4  reports;  six,  1  report;  seven, 
1  report;  and  nine,  1  report.  As  indicated, 
16  reports  suggested  that  all  highway  activi- 
ties be  divided  into  two  principal  staff  divi- 
sions— administrative  (nonengineering)  and 
engineering  (technical).  Thirteen  of  these 
reports  provided  that  each  of  the  two  units 
be  headed  by  a  person  responsible  to  the  chief 
administrator.  The  other  three  provided  that 
the  engineering  or  technical  unit  be  headed 
by     an    engineer    responsible    to    the     chief 


3  The  term  staff  level'as  applied  here  means  that  level  of 
organization  d'rectly  below  the  chief  administrator.  The 
different  staff  units  are  termed  divisions,  although  many  re- 
ports following  the  practice  of  the  State  concerned  in  giving 
a  name  to  the  units  u>ed]  other  titles,  such  as  department, 
bureau,  and  section. 
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administrator,  and  that  the  administrative  or 
nontechnical  functions  be  handled  directly  by 
the  chief  administrator.  Several  of  the 
,  recommendations  made  to  set  up  two  main 
staff  divisions,  of  necessity,  included  the 
creation  of  the  nontechnical  office  and  the 
appointment  of  a  manager  or  director. 

Two  reports  in  which  three  divisions  were 
suggested  called  for  an  administrative  or 
management  services  division,  and  engineering 
division,  and  a  third  division,  entitled  in  one 
"Traffic  Services,"  and  in  the  other  "Planning 
and  Programming."  An  official  responsible 
*  to  the  chief  administrator  was  recommended 
to  head  each  of  these  divisions. 

Two  reports  recommended  an  organization 
made  up  of  four  divisions,  one  to  be  an 
engineering  or  technical  division.  One  report 
suggested  the  three  remaining  divisions  should 
be  for  accounting,  motor  vehicles,  and  public 
safety;  and  the  other  report  suggested  divi- 
sions of  administrative  services,  planning,  and 
maintenance. 

Four  reports  recommended  that  the  head- 
quarters office  of  the  highway  department 
consist  of  five  divisions;  as  shown  for  each 
report:  (1)  administrative,  design,  construc- 
tion and  maintenance,  planning  and  research, 
and  field  operations;  (2)  administrative,  plan- 
ning, technical,  maintenance,  and  tourist 
bureau;  (3)  program,  operations,  accounting, 
personnel,  and  purchasing;  (4)  administration, 
planning  and  research,  operations,  engineering 
and  bridge  design,  and  construction.  Some 
of  these  titles  refer  to  the  same  function  and 
could  be  used  interchangeably.  For  the  pur- 
pose of  this  analysis,  however,  the  same  titles 
given  in  the  report  analyzed  have  been  used. 
One  report  recommended  six  organizational 
or  staff  divisions,  as  follows:  Engineering, 
personnel,  motor  vehicles,  comptroller,  public 
safety,  and  publication  (for  publishing  the 
department's  magazine).  The  two  reports 
suggesting  seven  and  nine  divisions,  respec- 
tively, were  for  States  where  the  highway 
function  is  incorporated  within  a  State 
bureau  or  department  of  public  works.  One 
report  recommended  that  there  be  established, 
within  the  public  works  bureau,  a  division  of 
highways  that  would  include  all  engineering 
activity  divided  into  seven  major  sections  of — 
design,  construction,  maintenance,  local  roads, 
traffic  operations,  planning,  and  right-of-way — 
the  administrative  or  nontechnical  activities 
would  remain  a  part  of  the  overall  adminis- 
trative authority  of  the  public  works  agency. 
The  other  report  recommended  that  the 
existing  division  of  highways  in  the  public 
works  department  be  divided  into  eight 
bureaus,  plus  a  unit  headed  by  a  State-aid 
engineer.  The  eight  bureaus  suggested  are: 
Location  and  design,  bridges,  construction, 
maintenance,  traffic,  materials,  right-of-way, 
and  planning.  No  recommendation  was  made 
concerning  administrative  matters. 

New  divisions 

The  establishment  or  creation  of  new 
divisions  was  recommended  by  27  of  the  43 
reports  in  which  recommendations  were  made 
with  respect  to  highway  organization  at  the 
division    or    staff    level.     When    the    report 
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suggested  that  a  present  division  be  expanded, 
either  by  the  addition  of  personnel  or 
functions,  or  that  the  principal  functions 
be  reorganized  under  a  new  title,  these 
divisions  were  not  included  in  this  summary 
analysis — only  those  divisions  suggested  for 
establishment  or  creation  as  new  organiza- 
tional structures  have  been  included.  New 
divisions  to  be  established  or  created  and  the 
number  of  reports  suggesting  them  are,  as 
follows. 

Urban,  4;  State-local,  division  of  local 
government,  or  similar  title,  7;  traffic  engineer- 
ing, 3;  personnel,  5;  advance  planning  and 
programming,  2;  construction,  2;  comptroller 
or  fiscal,  2;  land,  1;  planning  and  research,  2; 
planning  and  administrative  research,  1 ; 
public  information,  6;  public  and  inter- 
governmental relations,  1 ;  and  special  projects 
(tolls),  1.  Number  of  reports  listed  is 
greater  than  27  because  some  reports  made 
more  than  one  recommendation.  In  addition, 
four  reports  recommended  that  a  legal  division 
be  established  in  the  highway  department  in 
cooperation  with  the  State's  attorney  general; 
four  others  recommended  that  a  full-time 
legal  staff  be  provided;  and  another  recom- 
mended that  an  office  of  legal  services  be 
established. 

Other  organization  recommendation* 

In  addition  to  the  new  divisions  suggested 
the  reports  recommended  other  organiza- 
tional changes.  Six  reports  proposed  that 
units  existing  in  the  highway  organization  at 
the  section  or  lower  level  be  raised  in  status  to 
division  level.  Recommendations  that  the 
function  be  given  division  status  were  made 
for:  Traffic  engineering,  2  reports;  planning, 
2  reports;  traffic  and  safety,  1  report;  and 
State-aid  construction,  1  report.  One  of  these 
reports  also  recommended  that  the  office  of 
the  State  highway  patrol  and  the  bureau  of 
motor  vehicles,  provided  that  the  functions 
remained  under  the  direction  of  the  highway 
administrator,  be  given  the  same  status  level 
as  the  heads  of  the  recommended  division  of 
engineering  and  business  management. 

One  report  recommended  combining  the 
divisions  of  materials  and  tests,  and  planning 
and  design,  thus  making  two  divisions  from 
four.  Another  report  recommended  the 
reduction  of  the  number  of  divisions  in  the 
department  to  the  smallest  possible  number 
required  to  keep  the  span  of  control  at  an 
efficient  minimum. 

Eight  reports  suggested  that  divisions  not 
directly  related  to  the  operations  of  the 
department  be  removed  from  the  highway 
organization,  and  that  these  divisions  be 
abolished,  be  made  a  separate  agency  of  the 
State  government,  or  be  included  in  another 
established  agency.  Typical  recommendations 
were:  Transfer  safety  division  to  State  depart- 
ment of  traffic  and  transportation;  integrate 
purchasing  with  purchasing  division  of  State 
department  of  administration;  remove  motor 
vehicle  division  except  for  collection  of  fees; 
and  abolish  traffic  safety  division. 

Eight  reports  made  10  recommendations 
for  the  creation  of  a  unit  below  the  division 
level.      Units  suggested  for  creation   and  the 


number  of  recommendations  for  each  an 
follows:  Personnel,  1;  public  information,  2; 
local  road  section,  1;  program  planning  section 
in  planning  and  research  division,  1 ,  section  to 
prepare  and  maintain  a  long-range  program 
of  improvements,  1:  advance  programming 
and  planning  section  in  the  planning  divis 
1;  resean  on  apart  from  materials,   1; 

ion  to  :ii.l  counties  and  municipalities  in 
connection  with  Federal-aid,  1;  and  section  or 
unit  directly  under  the  State  highway  engineer 
to  study  operations,  methods,  procedures,  and 
work  functions,  and  recommend  changes,  1. 

Organization  in   the  Field 

In  this  analysis  the  field  refers  to  offices 
other  than  those  of  the  central  or  headquarters 
offices  of  the  highway  departments.  Such  or- 
ganizational units  will  be  called  districts,  al- 
though in  the  management  reports  analyzed 
the  terms  district,  division,  and  section  were 
used.  Most  of  the  recommendations  as  to 
organization  at  the  district  level  have  been 
given  little  emphasis  in  the  overall  manage- 
ment discussions. 

Out  of  76  reports  reviewed,  20  reports  sug- 
gested changes  or  modifications  in  field  orga- 
nizations, 9  of  these  reports  made  recommen- 
dations as  to  the  number  of  districts  necessary 
for  the  propei-  handling  of  highway  affairs. 
Number  of  districts  recommended  are,  as 
follows:  Five,  1  report;  six,  3  reports;  not 
more  than  nine,  1  report;  six  to  eight,  1  re- 
port; reduce  to  unspecified  number,  2  re- 
ports; and  increase  to  unspecified  number,  1 
report. 

One  State,  for  which  three  reports  were 
examined,  had  offices  termed  zones  in  its  or- 
ganization concerned  with  field  work  in  loca- 
tion and  design,  and  right-of-way  acquisition. 
Little  relationship  existed  between  these  zones 
and  the  district  offices.  One  of  the  reports 
suggested  that  there  be  no  change  in  these 
areas,  but  that  they  be  called  regions  rather 
than  zones.  Another  suggested  that  the  zone 
offices  be  discontinued  and  the  duties  and 
responsibilities  be  taken  over  by  the  district 
engineers.  The  third  report,  which  made  no 
reference  to  the  zones,  suggested  that  the 
number  of  district  offices  be  reexamined  but 
made  no  recommendation  as  to  the  number 
needed  to  do  the  work. 

Two  reports  recommended  that  in  the  field 
organization  the  duties  of  district  engineer 
should  be  confined  to  maintenance,  and  that 
he  be  made  resj:>onsible  to  the  chief  mainte- 
nance engineer.  Each  of  the  following  recom- 
mendations was  made  in  a  single  report. 

•  The  structure  of  field  operations  should 
more  properly  be  left  to  administrative 
determination. 

•  Revise  district  organization  to  include  all 
construction  and  maintenance  activities  under 
the  head  of  district  engineer. 

•  Organize  district,  with  district  engineer 
and  two  assistant  engineers,  one  for  construc- 
tion  the  other  for  maintenance. 

•  District  engineers  should  be  under  the 
technical  direction  of  the  chief  engineer. 

•  Establish  each  district  as  a  complete  admin- 
istrative unit  headed  by  a  district   engineer, 
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havi  .in  assistant  district,  engineer  to  head 
each  major  function,  and  establish  direct  line 
of  authority  from  chief  of  operations  to  each 
district  engineer. 

•  Formulate    policies    and    programs    in   the 

ral   office;  the  job  of  the  districts  is  to 
I  hem  out. 

•  Give  more  authority  to  district  engineer 
thereby  reducing  the  amount  of  detail  reach- 
ing central  office  division  heads. 

•  Channel  maintenance  policies,  controls, 
and  operation  directly  through  the  district 
engineers;  and  require  that  district  mainte- 
nance engineers  report  to  the  district  engineer. 

•  Locate  district  offices  on  a  permanent  basis. 
All  major  functions  of  the  department  should 
be  directly  administered  in  each  district 
under  firm  policies  established  by  top  admin- 
istrative staff  members. 


Table   2. — Recommendations  on   personnel 
practices 


Number 

of 

Recommendations 

reports 

CIVIL  SERVICE  OR  MERIT  SYSTEM 

8 

Establish  a  merit  system. 

3 

Establish  a  civil  service  system. 

3 

Establish     a    personnel    system    and/or 

program. 

4 

That,  until  a  State-wide    merit   system 

is  established  a  merit  system  be  set  up 

within    the    highway    department    by 

adn  inistrative  action. 

1 

Amend  civil  service  law   to  include  all 

positions  in  highway  department. 

RECRUITMENT  AND  TRAINING 

13 

Institute  an  organized  system  of  recruit- 

ment. 

11 

Make    available    or    increase    in-service 

training. 

5 

Establish  training  project  with  engineer- 

ing schools  for  in-service  training  and  as 

a  means  of  interestingundergraduatesin 

highway  work. 

SALARY    AND    WAGES 

2 

Remove  constitutional  or  statutory  ceilings 

on  salary  of  public  officers. 

2 

Raise  salary  of  chief  administrative  officer. 

10 

Compensate   at  salary  level  effective  in 

private  enterprise  and  other  competitive 

areas    (other    State    highway    depart- 

ments). 

5.. 

Provide  salary  increases  for  all  engineers, 

and  technical  and  professional  personnel. 

2 

Adopt  policy  under  which  salary  and  wage 

rates  will  be  adjusted  to  a  cost  of  living 

index  or  other  base. 

Personnel  Practices 

Recommendations  on  personnel  policies 
and  practices  were  made  in  37  reports  of  the 
76  reports  analyzed.  These  recommenda- 
tions do  not  include  those  to  establish  person- 
nel divisions,  which  were  reported  in  the 
discussion  of  highway  department  organi- 
zational structure.  Seven  reports  recom- 
mended that  laws  be  enacted  to  establish  a 
State  retirement  system.  The  other  suggested 
changes  and  practices  are  shown  in  table  2. 

290 


The  suggestion  was  made  in  one  report  that 
the  number  of  positions  secondary  to  princi- 
pal division  or  department  heads  be  increased 
so  that  experienced,  capable  persons  would 
be  available  for  the  higher  positions  as  normal 
retirements  occur. 

Two  reports  discussed  the  appointment 
and  tenure  of  division  heads.  One  recom- 
mended that  the  law  giving  the  administrative 
body  authority  to  appoint  assistant  highway 
engineers  be  repealed  and  that  the  authority 
be  given  to  the  State  highway  engineer.  The 
other  recommended  that  division  heas  dserve 
according  to  civil  service  regulations  rather 
than  at  the  pleasure  of  the  director  of  highways. 

Three  reports  suggested  that  personnel 
practices  be  removed  from  the  influence  of 
politics.  One  of  these  recommended  that  the 
selection,  promotion,  and  treatment  of  all 
employees  be  on  a  nonpolitical  basis;  another 
report  suggested  that  restrictions  be  placed  on 
political  activity  of  officers  and  employees; 
and  the  third  report  stated  that  the  only 
permanent  solution  to  personnel  problems  is 
to  take  the  highway  department  out  of  politics. 


REPORTS  ANALYZED 

The  reports  reviewed  and  included  in  the 
summary  analysis  of  this  article  are  listed  in 
the  following  paragraphs. 
Alabama: 

The  Reorganization  of  Alabama's  State 
Government,  Legislative  Reference  Service, 
1950. 

Arizona: 

Report  of  the  Arizona  Special  Legislative 
Highway  Study  Committee  to  the  Governor  and 
Legislative  Council,  December  1953. 

A  Report  to  the  State  of  Arizona  on  Operations 
of  the  Highway  Department:  State  Highway 
Engineer,  Motor  Vehicle  Division,  Highway 
Patrol  Division,  Traffic  Safety  Division,  and 
Courts  of  Limited  Jurisdiction,  based  on  studies 
conducted  cooperatively  by  the  American 
Bar  Association;  American  Association  of 
Motor  Vehicle  Administrators;  Traffic  Divi- 
sion, International  Association  of  Chiefs  of 
Police;  and  Traffic  Institute,  Northwestern 
University,  1953. 

Arkansas: 

An  Organizational  and  Personnel  Analysis 
of  the  Arkansas  State  Highway  'Department, 
prepared  by  the  University  of  Arkansas,  and 
published  by  the  Arkansas  State  Highway 
Commission,  1952. 

California: 

California's  Highway  Problem,  A  Report  by 
Joint  Fact-finding  Committee  on  Highways, 
Streets  and  Bridges.  Report  made  to  the 
Fifty-seventh  (First  Extraordinary)  Session 
of  the  California  Legislature,  January  13, 
1947. 

General  Stirvey  California  Division  of  High- 
ways, Report  to  the  Joint  Legislative  Budget 
Committee,  by  Booz,  Allen  and  Hamilton, 
February  1955. 


Colorado: 

The  Committee  Reports  to  John  Q.  Public  on 
the  Long  Range  Highway  Plan,  by  the  Colorado 
Highway  Planning  Committee,  1951. 

Connecticut: 

State  and  Local  Governmental  Relationships 
in  Connecticut,  A  Report  of  the  Commission  to 
Investigate  the  Relationship  between  the  Slate 
and  its  Subdivisions,  [1955]. 

Delaware: 

Reorganization  of  the  Executive  Branch  of 
the  State  Government  of  Delaware.  A  report  to 
the  Commission  on  Reorganization  of  the 
State  Government  by  its  Executive  Commit- 
tee, by  Griffenhagen  &  Associates,  December 
1950. 

Florida: 

Report  on  a  Study  of  Florida  Highways  for 
the  State  Road  Department  of  Florida,  by  Par- 
sons, Brinckerhoff,  Hall  &  MacDonald,  July 
1952. 

Report  to  Legislative  Council  Covering  Florida 
Primary  Roads,  by  Select  Committee  on 
Roads,  compiled  and  published  by  the  Florida 
Legislative  Reference  Bureau,  September 
1954. 

Idaho: 

Idaho  Highways,  a  report  of  a  study  made 
for  the  Idaho  Highway  Study  Committee,  by 
Public  Administration  Service,  Chicago,  San 
Francisco,  and  Washington,   December  1949. 

Illinois: 

A  Highway  Improvement  Program  for  Illi- 
nois, a  report  for  Illinois  Division  of  Highways 
by  Griffenhagen  &  Associates,  November 
1948. 

Report  of  the  Illinois  Highway  and  Traffic 
Problems  Commission  on  A  Highway  Improve- 
ment Program  for  Illinois,  February  1949. 

Organization  and  Functioning  of  the  State 
Government,  a  report  of  the  Commission  to 
Study  State  Government  made  to  the  Illinois 
General  Assembly,  December  1950. 

A  Program  to  Meet  Present  Illinois  Highway 
Problems,  recommended  to  the  68th  General 
Assembly  by  the  Illinois  State  Chamber  of 
Commerce,   1953. 

Indiana: 

Report  on  Slate  Highway  Commission,  by 
the  State  of  Indiana  Commission  on  Organi- 
zation of  the  Executive  and  Administrative 
Branches  of  the  State  Government,  October 
1952. 

Iowa: 

Report  of  Highway  Investigation  Committee, 
published  by  the  State  of  Iowa,  November 
1948. 

Report   of  the   Governmental   Reorganization}, 

Commission  to  Governor  William  S.  Beardsley 

■  for    Submission    to    the    Fifty-fourth    General 

Assembly,  19.50. 

Iowa  Highway  Needs  1960-1980,  A  Plan  to 
Pace  Highway  Development  with  Economic 
Growth,  a  report  to  the  Iowa  Highway  Study 
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Committee  by  the  Automotive  Safety  Foun- 
dation, Washington,  D.C.,  Nov.  1,  1960. 

Kansas: 

Highway  Needs  of  Kansas:  An  Engineering 
Analysis,  a  report  of  the  Kansas  Highways 
Fact-Finding  and  Research  Committee  to 
Governor  Frank  C.  Carlson,  The  State  High- 
way Commission,  The  Legislative  Council, 
and  Members-elect  of  the  1949  Legislature, 
by  the  Automotive  Safety  Foundation, 
Washington,  D.C.,  Dec.  15,  1948. 

General  Report  of  the  Legislative  Committee 
on  Economy  and  Efficiency,   1959. 

Kentucky: 

A  Report  on  Kentucky  Highways,  Their 
Administration  and  Financing,  by  the  Public 
Administration  Service,  Chicago,  San  Fran- 
cisco, and  Washington,  October   1947. 

Kentucky  Highway  Systems  and  the  Stale 
Department  of  Highways,  prepared  by  the 
Public  Administration  Service  for  the  Ken- 
tucky Department  of  Highways.  Published 
by  the  Kentucky  Legislative  Research  Com- 
mission, Research  Publication  No.  29,   1951. 

A  Highway  Program  for  Kentucky,  Engi- 
neering Recommendations  for  Adequate  Road 
and  Street  Systems,  by  the  Automotive  Safety 
Foundation,  Washington,  D.C.,  November 
1955. 

Louisiana: 

Louisiana's  Highway  Problem,  An  Engi- 
neering Analysis  for  the  Louisiana  Legislative 
Council,  by  the  Automotive  Safety  Founda- 
tion, Washington,  D.C.,  September  1954. 

Maine: 

Maine  Highway  Needs,  An  Engineering  and 
Economic  Study,  prepared  for  the  94th  Legis- 
lature by  the  Maine  State  Highway  Commis- 
sion in  cooperation  with  the  United  States 
Public   Roads   Administration,    March    1949. 

A  Plan  for  Highway  Classification  in  Maine, 
An  Engineering  Report  to  the  Stale  Highway 
Commission,  by  the  Automotive  Safety  Foun- 
dation, Washington,  D.C.,  1952. 

Organization  and  Administration  of  the 
Government  of  the  State  of  Maine,  A  Survey 
Report,  by  the  Public  Administration  Service, 
Chicago,  San  Francisco,  and  Washington, 
June  1956. 

Maryland: 

Improving  Road  Administration  in  Mary- 
land, a  report  to  the  Governor  of  Maryland  by 
the  Commission  on  State  Programs,  Organi- 
zation and  Finance,   Nov.   15,   1955. 

Massachusetts: 

Report  on  Organization  of  Massachusetts 
Department  of  Public  Works,  by  Griffenhagen 
&  Associates,   Feb.  28,   1948. 

Michigan: 

Highway  Needs  in  Michigan,  An  Engineer- 
ing   Analysis,     for     Michigan     Good     Roads 
Federation,   Highway  Study   Committee,   by 
j  the   Automotive    Safety    Foundation,    Wash- 
ington, D.C.,  February  1948. 
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Staff  Report,  No.  19,  to  the  Michigan  Joint 
Legislative  Committee  on  Reorganization  of 
State  Government,  Concerning  The  Michigan 
State  Highway  Department,  by  Arthur  W. 
Bushell  and  William  J.  Cox,  April  1951. 

Minnesota: 

How  to  Achieve  Greater  Efficiency  and  Econ- 
omy in  Minnesota's  Government,  recom- 
mendations of  the  Minnesota  Efficiency  in 
Government  Commission  (Little  Hoover 
Commission),  1950. 

Reorganizing  the  State  Government  of  Minne- 
sota; State  Governmental  Research  Bulletin 
No.  29— July  1952.  Minnesota  Institute  of 
Governmental  Research,  Inc.  1952. 

Highway  Transportation  in  Minnesota,  An 
Engineering  Analysis,  a  report  to  the  Minne- 
sota Highway  Study  Commission,  by  the 
Automotive  Safety  Foundation,  Washington, 
D.C.,  September  1954. 

Report  of  the  Minnesota  Highway  Study 
Commission  to  the  Legislature  of  the  State  of 
Minnesota,    Dec.   22,    1954. 

Mississippi: 

Today  and  Tomorrow:  An  Engineering  Anal- 
ysis of  the  Highway  Transportation  System  in 
Mississippi,  A  Report  to  the  Legislature  of 
Mississippi,  by  the  Legislative  Highway 
Planning  Committee,  prepared  by  G.  Donald 
Kennedy,  Oct.  1,  1949. 

A  Report  on  State  Reorganization  by  the 
Legislative  Fact-Finding  Committee  on  Re- 
organization  of   State    Government,    1950. 

Development  and  Management  of  Mississip- 
pi's State  Highways,  State  Aid  Roads,  Local 
Farm  Roads,  and  City  Streets,  by  the  Automo- 
tive Safety  Foundation,  Washington,  D.C., 
1961. 

Montana: 

A  Montana  Highway  Program,  a  report  and 
proposal  of  the  Governor's  Interim  Highway 
Committee,  Dec.  4,  1950. 

Recommendations,  Montana  Governor's  In- 
terim Highway  Financing  Committee,  Jan.  15, 
1953. 

Moving  Ahead  on  Montana's  Highways,  An 
Engineering  Study  of  Road  and  Street  Needs, 
a  report  to  the  Montana  Fact  Finding  Com- 
mittee on  Highways,  Streets,  and  Bridges,  by 
the  Automotive  Safety  Foundation,  Washing- 
ton, D.C.,  Nov.  1,  1956. 

Montana  Highway  Management:  Review, 
Analysis  and  Recommendations  Including  Job 
Classifications  and  Salary  Schedules.  A  Re- 
port to  the  Montana  Highway  Commission,  by 
Roy   Jorgensen  and   Associates,    1962. 

Nebraska: 

Nebraska  Highway  Needs,  1948,  An  Engi- 
neering Appraisal,  for  Nebraska  Highway 
Advisory  Committee  by  the  Automotive 
Safety  Foundation,  Washington,  D.C.,  Oct.l, 
1948. 

Report  of  the  Nebraska  Legislative  Council 
Committee  on  Highways,  by  the  Nebraska 
Legislative  Council,  Committee  Report  No. 
37,  July  1952. 


1 1  la : 

Reorganization  for  Effective 
Government  Management  in  Nevada,  by  Albert 
Gorvine,  Bulletin  No.  4,  prepared  for  Nevada 
Legislative  Counsel  Bureau,  December  1948. 

Hampshire: 
.1   Progress   Report  on  State  Reorganization 
in  1950,  Council  of  State  Governments,  1950. 

Jersey: 
The  Organizatioi  \ihuinistration  of  the 

New  Jersey  Stale  Highway  Department,  1941, 
by  Sidney  Goldmann  and  Thomas  J.  Graves, 
prepared  for  Roger  Hinds,  Governor's  Exam- 
iner of  the  New  Jersey  State  Highway 
Department,  June  1942. 

New  Mexico: 

The  New  Mexico  Highway  Department:  Its 
Organization  and  Basic  Management  Proce- 
dures, A  Survey  Report,  by  the  Public  Adminis- 
tration Service,  Chicago,  San  Francisco, 
Washington,  1952. 

Report:  New  Mexico  State  Reorganization 
Committee,  by  Frederick  F.  \  Blachly  and 
Miriam  E.  Oatman,  1952. 

New  York: 

Report  of  the  New  York.  Slate  Temporary 
Highway  Finance  Planning  Commission,  1957- 
1958,  Albany,  1958. 

North  Carolina: 

State  of  North  Carolina  Report  of  the  Com- 
mission Studying  the  Organization  of  the 
Stale  Highway  and  Public  Works  Commission, 
Dec.  18,  1956. 

North  Dakota: 

An  Engineering  Study  of  North  Dakota's 
Roads  and  Streets,  and  a  Plan  for  the  Future, 
for  vthe  North  Dakota  Legislative  Research 
Committee,  by  the  Automotive  Safety 
Foundation,  Washington,  D.C.,  September 
1952. 

Ohio: 

An  Engineering  Study  of  Ohio's  Highways, 
Roads  and  Streets,  a  report  to  the  Ohio  Pro- 
gram Commission  and  the  Highway  Stud} 
Committee,  by  the  Automotive  Safety 
Foundation,  Washington,  D.C.,  December 
1950. 

Oregon: 

Highway  Transportation  System  in  Oregon, 
Present  and  Future  Needs,  An  Engineering 
Analysis,  for  Legislative  Interim  Committee 
for  tlie  Slinly  of  Highway,  Road  and  Street 
Needs,  Revenue  and  Taxation,  by  the  Auto- 
motive Safety  Foundation,  Washington,  D.C., 
Sept.  3,  ll'ls 

Pennsylvania: 

The  State  Government  Survey  Committee 
Report  to  the  Governor  of  Pennsylvania,  Feb.  11, 
1953. 

Stale  Highway  Policies  and  Practices  in 
Pennsylvania,  An  Appraisal  by  the  Automotive 
Safety  Foundation,  A  report  to  the  Honorable 
George      M.      Leader,      Governor;      General 
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V  i\    of    Pennsylvania;    and    Honorable 

M.   Slovens,   Secretary    of   Highways, 

958.     Pennsylvania  Highways,  Recom- 

iations  for  Modernizing  Slate  Policies  and 

.  by  (lie  Automotive  Safety  Founda- 

1  ion,  Washington,  D.C.,  Aug.  1,  1958.     (These 

two   reports  were  analyzed  as  a  unit.) 

Rhode  Island: 

Rhode  Islam/  Roads:  .  I  Report  to  the  Governor 
on  Highway  Problems,  by  the  Governor's 
Highway  Study  Committee,  Jan.  12,  1956, 
prepared  by  the  Automotive  Safety  Founda- 
tion, Washington,  D.C.,  June  1958. 

South  Dakota: 

Report  of  Die  Little  Hoover  Committee  to  the 
Executive  Hoard  of  South  Dakota,  Legislative 
Research  Council,  August  1954. 

Report  of  the  Economy  and  Efficiency 
Committee  to  the  Executive  Board  of  the  South 
Dakota  Legislative  Research  Council,  September 
1956. 

7'  mi,  ssee: 

Report  upon  the  Organization,  Personnel  and 
Procedure  Found  in  Use  in  Certain  Functions 
of  the  Government  of  the  State  of  Tennessee,  by 
Griffenhagen    &   Associates,    1935. 

Highway  Transportation  in  Tennessee:  An 
Engineering  Appraisal  of  All  Roads  and  Struts 


and  Recommendations  for  the  Future,  for  the 
Tennessee  Highway  Study  Commission,  by 
the  Automotive  Safety  Foundation,  Washing- 
ton, D.C.,  Nov.   1,   1955. 

Utah: 

Report  and  Recommendations  of  the  Utah 
Legislative  Council,  December  1948. 

A  Study  of  Utah  Highway  Needs,  prepared 
for  the  Utah  Legislative  Council  by  Harold 
S.  Carter,  Dec.  11,  1950. 

Highway  Finance,  Highway  Department 
Organization  and  Administration,  and  High- 
way Designation,  prepared  for  the  Utah 
Legislative  Council,  by  the  Bureau  of  Eco- 
nomic and  Business  Research,  University  of 
Utah,  Nov.  1,  1952. 

^1  Study  of  Utah's  Current  Highway  Prob- 
lems, Prepared  for  the  Utah  Legislative  Council 
Revenue  Taxation  and  Highway  Subcommittee, 
by  Research  Assistants  Osmond  L.  Harline, 
Charles  H.  Bradford,  and  Allen  D.  LeBaron, 
and  the  Staff  of  the  Bureau  of  Economic  and 
Business  Research,  University  of  Utah, 
Studies  in  Business  and  Economics,  vol.  16, 
No.  4,  December  1956. 

Virginia: 

Virginia  Highways:  Engineering  and  Eco- 
nomic. Report,  by  Parsons,  Brinckerhoff,  Hall 
and   MacDonaki,   1957. 


Washington: 

Highways  in  Washington' s  Future,  An  En- 
gineering Study,  prepared  for  the  State 
Legislature,  by  the  Automotive  Safety  Foun- 
dation, Washington,  D.C.,  Sept.  1,  1948. 

Washington's  Highway,  Road  and  Street 
Problem,  reports  of  the  Joint  Fact-Finding 
Committee  on  Highways,  Streets  and  Bridges 
to  the  Washington  State  Legislature,  Jan.  24, 
1949;  Jan.  8,  1951;  and  Jan.  12,  1953. 

West  Virginia: 

A  Factual  Study  of  Highway  Needs  in  West 
Virginia,  a  report  to  the  West  Virginia 
Legislative  Highway  Research  Committee, 
by  the  Automotive  Safety  Foundation, 
Washington,  D.C.,  Oct.  1,  1954. 

Report  on  the  Management  of  the  State  Road 
Commission  of  West  Virginia,  by  the  Public 
Administration  Service,  Chicago,  San  Fran- 
cisco,  Washington,   1954. 

Wyoming: 

A  Guide  for  Planning  Wyoming  Highivays: 
An  Engineering  Report,  by  the  Automotive 
Safety  Foundation,   Washington,   D.C.,   1960. 

District  of  Columbia: 

Highways  and  Traffic:  An  Organization  Sur- 
vey Report,  by  the  District  of  Columbia  De- 
partment of  General  Administration  Manage- 
ment   Office,    May    1953. 


292 


February  1964  •  PUBLIC  ROADS 

U.S.    GOVERNMENT  PRINTING   0FFICE:I964 


A  list  of  the  more  important  articles  in  Puulic  Roads  and  title 
sheets  for  volumes  24-31  are  available  upon  request  addressed  to 
Bureau  of  Public  Roads,  Washington,  D.C.,  20235. 

The  following  publications  are  sold  by  the  Superintendent  of 
Documents,  Government  Printing  Office,  Washington,  D.C.,  201,02. 
Orders  should  be  sent  direct  to  the  Superintendent  of  Documents. 
Prepayment  is  required. 


ANNUAL  REPORTS 

Annual  Reports  of  the  Bureau  of  Public  Roads : 

1951,  35  cents.  1955,  25  cents.  1958,  30  cents.  1959,  40  cents. 
1960,  35  cents.  1962,  35  cents.  (Other  years,  including  1961 
report,  are  now  out  of  print.) 


REPORTS  TO  CONGRESS 

Factual   Discussion   of   Motortruck   Operation,    Regulation   and 

Taxation  (1951).    30  cents. 
Federal  Role  in  Highway  Safety,  House  Document  No.  93  (1959). 

60  cents. 
Highway  Cost  Allocation  Study  : 

First   Progress   Report,   House   Document   No.    106    (1957). 

35  cents. 
Final  Report,  Parts  I-V,  House  Document  No.  54   (1961). 

70  cents. 
Final  Report,  Part  VI :  Economic  and  Social  Effects  of  High- 
way Improvement,  House  Document  No.  72    (1961).     25 
cents. 
The  1961  Interstate  System  Cost  Estimate,  House  Document  No.  49 
(1961).    20  cents. 

U.S.   HIGHWAY    MAP 

Map  of  U.S.  showing  routes  of  National  System  of  Interstate  and 
Defense  Highways,  Federal-Aid  Primary  Highway  System,  and 
U.S.  Numbered  Highway  System.  Scale  1  inch  equals  80  miles. 
25  cents. 


PUBLICATIONS 

Aggregate  Gradation  for  Highways:  Simplification,  Standardiza- 
tion, and  Uniform  Application,  and  A  New  Graphical  Evaluation 
Chart  ( 1962 ) .    25  cents. 

America's  Lifelines— Federal  Aid  for  Highways  (1962 ) .    15  cents. 

Classification  of  Motor  Vehicles,  1956-57  (1960).    75  cents. 

Design  Charts  for  Open-Channel  Flow  (1961).     70  cents. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


PUBLICATIONS— Continued 

Federal  Laws,  Regulations,  and  Other  Material  Relating  to  High- 
ways (1960).    $1.00. 
Financing  of  Highways  by  Counties   and  Local  Rural   Govern- 
ments: 1942—51  (1955).    75  cents. 
Highway  Bond  Calculations  (1936).    10  cents. 
Highway  Bond  Financing  ...  An  Analysis,  1950-1962.     35  cents. 
Highway  Capacity  Manual  (1950).    $1.00. 
Highway  Statistics  (published  annually  since  1945)  : 

1955,  $1.00.     1956,  $1.00.    1957,  $1.25.     1958,  $1.00.    1959,  $1.00. 

1960,  $1.25.    1961,  $1.00. 
Highway  Statistics,  Summary  to  1955.    $1.00. 
Highway  Transportation  Criteria  in  Zoning  Law  and  Police  Power 

and  Planning  Controls  for  Arterial  Streets  (1960).     35  cents. 
Hydraulics  of  Bridge  Waterways  (1960).    40  cents. 
Increasing    the    TrafSc-Carrying    Capability    of    Urban    Arterial 

Streets:  The  Wisconsin  Avenue  Study  (1962).    40  cents. 

Appendix,  70  cents. 
Interstate  System  Route  Log  and  Finder  List.    10  cents. 
Landslide  Investigations  (1901).    30  cents. 

Manual  for  Highway  Severance  Damage  Studies  (1961).    $1.00. 
Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways (1961).     $2.00. 

part  v — Traffic  Controls  for  Highway  Construction  and  Main- 
tenance Operation^  (1963).     25  cents. 
Parking  Guide  for  Cities  (1956).    Out  of  print. 
Peak  Rates  of  Runoff  From  Smali  Watersheds  (1961).    30  cents. 
Road-User  and  Property  Taxes  on  Selected  Motor  Vehicles,  1900. 

30  cents. 
Selected  Bibliography  on  Highway  Finance  (1951).    60  cents. 
Specifications  for  Aerial  Surveys  and  Mapping  by  Photograin- 

metric  Methods  for  Highways,  1958:  a  reference  guide  outline. 

75  cents. 
Standard  Specifications  for  Construction  of  Roads  and  Bridges 

on  Federal  Highway  Projects,  FP-61  (1961).    $2.25. 
Standard  Plans  for  Highway  Bridges  (1962)  : 

Vol.  I— Concrete  Superstructures.    $1.00. 

Vol.  II — Structural  Steel  Superstructures.    $1.00. 

Vol.  Ill— Timber  Bridges.    $1.00. 

Vol.  IV — Typical  Continuous  Bridges.    $1.00. 
The  Identification  of  Rock  Types  (revised  edition,  1960).    20  cents. 
The  Role  of  Aerial  Surveys  in  Highway  Engineering  (1960).     40 

cents. 
Traffic    Safety    Services,    Directory    of    National    Organizations 

(1963).    15  cents. 
Transition  Curves  for  Highways  (1940).    $1.75. 
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